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In this paper, based on the molecular field theory, a new and improved three-sublattice model on studying
the magnetic properties of ferrimagnetic rare-earth iron garnet in high magnetic fields is introduced. Here,
the effective exchange field is described as H; =AM = A xH,, where X is the coefficient associated with the
molecular field, x is the effective magnetic susceptibility, and H, is external magnetic fields. As is known,
the magnetic sublattices in rare-earth iron garnets can be classified three kinds labeled as a, c and d, in our
calculations, whose magnetizations are defined as My, M. and My, respectively. Then, using this model,
the temperature and field dependences of the total magnetization in Dys;Fe5;04, (DyIG) are discussed.
Meanwhile, the magnetizations of the three kinds of magnetic sublattices are analyzed. Furthermore,
our theory suggests that the coefficients «; associated with A and yx in DyIG show obvious anisotropic,
temperature-dependence and field-dependence characteristics. And, the theoretical calculations exactly
fit the experimental data.
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1. Introduction

Due to a wide application in the field of magnetic storage, mag-
netic recording, magnetic field sensor and magneto-optical devices,
lots of theoretical and experimental reports on magnetic properties
of rare-earth (RE) iron garnet (REIG) have been presented over the
pastdecades [1-3]. Meanwhile, it is noticeable that, up till now, due
to the complicated magnetic structures of REIG, the physical mech-
anism of some magnetic behaviors in REIG, especially some heavy
RE iron garnets, has not yet been entirely theoretically explored.
In particular, recently, some new experimental phenomena on
magnetic properties in REIG have been found under extreme condi-
tions (low temperatures or high magnetic fields), such as magnetic
anisotropy, nonlinear field-dependence characteristic, new mag-
netic phase diagrams and low temperature magnetic saturation
[4,5]. Then, in recent years, great efforts have still been made to
establish the related theoretical models for the study on the mag-
netic properties of the ferrimagnetic rare-earth iron garnet system
[6].

As is known, to study the magnetic properties of REIG, many
theoretical models have been presented, e.g., the Néel’s model, the
Yafet and Kittel’s model and one suggested by Gilleo [7-9]. Nev-
ertheless, it is also found that some models show little agreement
with experimental observations. Here, a fact should be accepted,
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i.e., the molecular field theory of Néel has been shown very success-
ful to explain the magnetic properties of rare-earth garnets or some
other magnetic compounds [10,11]. Whereas, we also notice that,
when using the molecular field theory, the determination of the
molecular field coefficients is much more difficult, and shows great
importance to the theoretical analyses on the magnetic properties
of REIG [12]. Therefore, a large number of works have been devoted
to the study of the molecular field coefficients. In fact, presently,
as for most of the RE iron garnets, the values of the molecular
field coefficients have been determined despite some debates on
these values also exist in the literatures [ 13]. However, it is notice-
able that, in some rare-earth iron garnets, few theoretical studies
have been carried out to explain the magnetic behaviors under high
magnetic fields by the molecular field theory.

In our previous papers, the molecular field theory is extended
to analyze the exchange interaction in rare-earth garnets where
the exchange field is expressed as H; = AM = A xHe, here, A denotes
the coefficient associated with the molecular field, y represents
the effective magnetic susceptibility, and H. is the external mag-
netic fields. Then, a two-sublattice model of rare-earth gallium
garnet is provided [14,15]. Furthermore, our theoretical calcu-
lations have indicated that the magnetic properties of some RE
gallium and iron garnets, using this expression of the exchange
field, can be successfully interpreted, especially in high magnetic
fields [16]. Now, in this paper, this thought will continue to be
used. And, in correspondence to REIG, a new and improved the-
oretical model of three-sublattice ferrimagnetic system is put
forward. Meanwhile, based on this model, the field-dependence
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and temperature-dependence properties of magnetization in DyIG
are discussed under high magnetic fields. Moreover, the theoretical
data are compared with the experimental results.

2. Outline of three-sublattice model

The general chemical structural formula for REIG can be written
as REsFe,Fe304,, with eight of these formula units per unit cell.
With the overall symmetry being cubic, the space group of REIG is
Ia3d (OE,O), in which three special positions are occupied by mag-
netic ions. That is, two Fe3* ions occupy the octahedral crystal site,
expressed as 16a, three Fe3* ions occupy tetrahedral crystal site
(24d), and the RE ions occupy the dodecahedral crystal site (24c)
with eightfold oxygen coordination. Therefore, the magnetization
(M) of REIG originates from the contributions of these three kinds
of magnetic ions whose magnetizations can be described as M, M,
and My, respectively. Thus, in this three-sublattice system, M can
be written as

M = M¢ + Mg + My, (1)

where c, a and d represent the dodecahedral, octahedral and tetra-
hedral sites, respectively.

Referring to Langevin theory, we assume that the above three
magnetizations are given by

M; = Ms; - B(y;) = NiJ;gjiB(¥:), (2)

here N; (i=a, c and d) are the numbers of ions contribution to mag-
netization per unit volume, J; denote the total quantum number,
gji represent the Lander factors, and the Brillouin functions are
expressed as

B(y;) = [(2; + 1)/2Ji] coth [((2]i + 1)/2);) - yi]

—(1/2J;) coth [(1/2.Ii) 'J’i] . (3)
And,
_ Je&jerBHc _ Ja8japtgHa _ JagateHy
c= kBiT’ Ya = kT Yda = keT , (4)

where H¢, Hy and Hy denote the total effective fields in ¢, a and
d sublattices, respectively. In terms of the molecular field theory,
considering external magnetic fields, the total effective fields can
be described as

Hc = He + AcgMg + AccMc + AcaMa, (5)
Hg = He 4 AqgMg + AacMc + AaaMa, (6)
Hy =He + )deMd + )LdCMC + )\daMtb (7)

Here A;; (i,j=a, cand d) are the corresponding exchange field coeffi-
cients between nearest-neighbor sublattices, and, according to our
previous papers, it can be defined that M. = xcHe, Mg = xaHe, and
M, = xqHe where x¢, xq and x4 are the effective magnetic suscep-
tibilities of ¢, a and d magnetic sublattices. Then, Eq. (4) can be
rewritten as

Ve = Je&ciup(1 4 ac)He

_ Jagamp(1 + aq)He

¢ kgT » Ja kgT
yq = aBattol ]k aalfe (8)
where
Oc = AedXd + Aec Xe + AcaXas 9)
Qa = AggXd + *acXc + AaaXa> (10)
0g = hadXd + Mdc Xe + AdaXa- (11)

On the other hand, in the light of the ferrimagnetic molecular
field theory, we can assume that Agc=Acq, Agg=Adq and Agg=Age.
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Fig. 1. The variation of magnetization with the external magnetic field along [100],
[110]and[111]at 1.5K (the experimental data obtained from Ref. [18]).

Thus, based on the above theory, according to Eq. (2), the values of
Mg, M, and My in correspondence to these three magnetic sublat-
tices can be calculated. Correspondingly, the variations of the total
magnetization M with the temperature T and the external magnetic
fields H, can be discussed.

3. Results and discussion

It is known that, as to the magnetic properties of DyIG, many
theoretical investigations have been carried out. Moreover, sev-
eral sets of the molecular-field coefficients have been determined,
and, the temperature-dependence of the molecular-field coeffi-
cients has been pointed out [17]. However, it is found that the
recent experimental phenomena on magnetic properties in DyIG,
especially under high magnetic fields and low temperatures, have
not been theoretically explained [18,19]. So, now, the above three-
sublattice model is applied to interpret the magnetic properties of
DylIG in high magnetic fields.

As mentioned above, Dy3* and Fe3* ions are the magnetic ions
contribution to the magnetic properties of DyIG, where three Dy3*
ions occupy c crystal site, two Fe3* ions occupy a site, and other
three Fe3* ions occupy d site in a formula unit. In our calculations, as
to Dy3* ion, the ground term is 4f°, and the ground multiplet Hs,,
is considered, then, J. = 15/2,and g =4/3. And, as to Fe3*, J, =], =5/2,
and gj, =gjq =2. Now, substituting the above parameters into Eqgs.
(2)-(8), we can obtain the magnetic moments of the three sublat-
tices in DyIG under different conditions. Also, based on Eq. (1), the
whole magnetic moment of DyIG can be presented by fitting the
values of g, & and oy in Egs. (9)-(11). Figs. 1-3 give the theoretical
fitting results of the magnetic curves in DyIG under high magnetic
fields at low temperatures (T=1.5K, 4.2 Kand 5 K), where the theo-
retical calculations are in good agreements with the experimental
data. Certainly, detailed analyses on the magnetic moments of the
three sublattices and the values of the coefficients «q, - and o4 are
carried out as follows.

Then, in our calculations, the magnetizations of the magnetic
sublattices a, cand d are given, to further analyze the contribution of
the above three magnetic sublattices to the magnetic properties in
DyIG, atlow temperaturesalong[100],[110]and[1 1 1]directions.
Here, as is pointed out, the magnetic sublattice a is antiparallel
to the magnetic sublattice d, and parallel to the magnetic sublat-
tice c. So, in our fitting, it is found that M, >0, M.>0, and M;<0.
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Fig. 2. The variation of magnetization with the external magnetic field along [100],
[110]and [111]at4.2K (the experimental data obtained from Ref. [20]).

Figs. 4-6 give the field-dependence of three magnetic sublattices
when the external magnetic field is parallel to [100], [110] and
[11 1] directions at 1.5K, 4.2 K and 5K, respectively.

Theoretical calculations indicate that the moment of rare-earth
ioninDylGis larger than that ofironion at low temperatures. Mean-
while, as to DyIG, the values of the magnetization of Dy3* ion are
nearly twice as many as those of Fe3* ion occupying the magnetic
sublattice d. Moreover, the moment of Fe3* ion occupying magnetic
sublattice a is weakest among these three magnetic sublattices. So,
it can be demonstrated that, with the action of the external mag-
netic fields, the moment of rare-earth ion shows great importance
to the magnetic properties of rare-earth iron garnets [12].

In addition, seen from Figs. 4-6, the magnetizations of the three
magnetic sublattices show obvious anisotropy. And, our calcula-
tions indicate that the moment when H, along to [11 1] direction
is larger than those along [110] and [100] directions, which fur-
ther proves that the [11 1] direction is the direction of easy axis.
On the other hand, it is interesting that, under a low magnetic field,
the values of M, is bigger than My, while My > M, with the increase
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Fig. 3. The variation of magnetization with the external magnetic field along [100],
[110]and [111]at 5K (the experimental data obtained from Ref. [21]).
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Fig.4. The magnetic field dependence of the magnetizations in magnetic sublattices
a,canddalong[100],[110]and [111]directions at 1.5K.
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Fig.5. The magnetic field dependence of the magnetizations in magnetic sublattices
a,canddalong [100],[110]and [111] directions at 4.2 K.

of the magnetic fields, which implies the change of the magnetic
structures in DyIG under high magnetic fields. And, the transition
magnetic fields at 1.5 K, 4.2 Kand 5 Kare about 15-20 kOe, 5-10 kOe
and 10-15 kOe. Also, known from Fig. 5, with the increase of mag-
netic field, especially in higher magnetic fields, the magnetizations
of the three magnetic sublattices change very little. And, it can be
apparently found that the magnetization gradually tends to satu-
ration when H, > 70 kOe.
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Fig. 6. The magnetic field dependence of the magnetizations in magnetic sublattices
a,canddalong [100],[110]and [111] directions at 5K.
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Table 1
The values of the three parameters Py, P, and P; of o, ot and oty along [100],[110]and [111]at 1. 5K.
[100] [110] [111]
Olq O g Oq ¢ g Oq O [0 7]
Py 0.28194 0.07616 —-0.42135 0.33806 0.08226 —0.3529 0.17706 0.09624 —0.42073
P, 3.92484 2.3472 2.52734 1.2653 1.97242 3.68657 3.69219 3.37323 2.35642
P3 0.88935 -1.17737 -7.1429 5.47242 2.3205 —10.89428 —2.95805 —2.36245 —4.03343
Table 2
The values of the three parameters Py, P, and P; of o, o and oty along [100],[110]and [111] at4.2K.
[100] [110] [111]
g o g g o oy g o2 o
P 0.25534 0.36516 -2.5322 0.88931 0.16068 —2.4609 0.46252 0.10824 —2.94765
P, 9.9125 10.00226 26.1108 18.0483 13.9569 14.0696 23.6405 20.5072 11.7467
P3 —14.593 -14.862 —85.9008 -52.775 —23.6974 —39.4486 —67.763 -50.3814 -12.9519
Table 3
The values of the three parameters Py, P, and Ps of «g, & and a4 along [100],[110]and [111]at5K.
[100] [110] [111]
Qq O [ %] g ac [0 7] Og [ g
Py 1.05894 0.22713 —1.665 0.7948 0.2634 —1.6659 1.02159 0.22778 -1.5919
P, 13.3591 8.66946 8.8215 13.395 10.8646 8.4551 15.5133 13.06158 4.88468
P3 -35.874 —4.1005 —17.683 -20.339 -11.4124 —13.505 —35.1435 —11.33238 —4.82273

Here, from Egs. (9)-(11), it can be known that the coefficients a,
o and oy are associated with A and y, which implies that they are
the functions of the external magnetic field He and the temperature
T. Then, in our fitting, the field-dependence characteristics of the
above three coefficients are described as follows.

aj =P +Py-H;' +P3-H;?, (12)

where i=gq, ¢, d, and P, P, and P; are three parameters. In our
calculations, the corresponding three parameters of «g, ¢ and
oy along [100], [110] and [111] at 1.5K, 4.2K and 5K are
listed in Tables 1-3, respectively. Therefore, the following con-
clusions can be drawn: (1) it is known that y is the function of
the external magnetic field, which leads to the complicated field-
dependence properties of «;; (2) seen from Tables 1-3, «; show
obvious anisotropy, which mainly originates from the anisotropic
characteristic of A; (3) meanwhile, it is worthy to point out that the
different values of P, P, and P3 at the above three temperatures
also imply obvious temperature-dependence of «;, in our opinion,
which results from the temperature properties of A and x. How-
ever, owing to the lack of experimental data, the concrete relation
of A and yx with T cannot be given in this study. And, the further
studies will be carried out in a forthcoming paper.

4. Conclusions

In this paper, to study the magnetic properties of rare-earth iron
garnets under high magnetic fields, an improved three-sublattice
model is provided. Here, the total effective field is regarded as
the sum of the exchange field and the external magnetic field.
And, using this model, the magnetic behaviors of DyIG under high
magnetic fields are discussed. The wonderful fittings to the exper-
iments confirm the correctness of our theoretical deductions. And,
the anisotropy, temperature-dependence and field-dependence of
magnetization in DyIG are explained. Meanwhile, the magneti-
zations of three-sublattice are calculated where it is pointed out
that the magnetic properties of the rare-earth ions show great
importance to the magnetic behaviors of rare-earth iron garnets.
Moreover, as to the three-sublattice, the changes of the magneti-
zations with the external magnetic field at different temperatures

are revealed. Also, theoretical calculations suggest that the coeffi-
cients «; associated with A and yx are the functions of the external
magnetic fields and the temperatures.
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