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Magnetic Properties of Diamagnetic-Substituted Ytterbium Iron Garnet Explained by the
Statistical Model of the Molecular Field. III. Curie Temperatures, Magnetic

Susceptibilities, and Anisotropy of Si-Ca'- and Ga-Substituted Ytterbium Iron Garnet
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The Curie temperatures, magnetic susceptibilities, and magnetic anisotropies of the following two
crystal systems were determined: Yb29 „Bio,Ca„Fe, „Si„O», with 0&x &1.4 and Yb,Ga„Fe5 „0»,
with 0&x &3.75. Using the statistical-molecular-field model, we succeeded to explain the composition
dependence of the Curie temperatures and magnetic anisotropies of the above crystals. It was found
that the magnetic susceptibilities of the measured crystals tend to increase with the concentration of
diamagnetic ions, This increase could be explained by combining the statistical model and assumptions
of Clark and Callen, for concentrations up to x = 2.25 for Ga-substituted ytterbium iron garnet

(YbIG) and up to x = 1.04 for Si&a-substituted Yblo.

I. INTRODUCTION

The statistical model of the molecular field' ~

has been developed essentially for explaining the
concentration dependence of the spontaneous mag-
netization of the multication ferrimagnetic garnets.
Initially, this model was used to explain the spon-
taneous magnetization at temperatures near abso-
lute zero. In the previous two papers, I and II,
the statistical model was extended to interpret the
spontaneous magnetization as a function of compo-
sition and temperature for a substituted three-mag-
netic-sublattice garnet. This paper reports the
use of the statistical model to explain Curie tem-
peratures, magnetic susceptibilities, and magnetic
anisotropies and their dependence on concentration
of magnetic ions in diamagnetic-substituted ytter-
bium iron garnet (Ybla).

II. CURIE TEMPERATURES

The Curie tempexatures T& of the crystals were
determined in two ways: (i) directly, with a spe-
cial device described in Ref. 6 for crystals with T~
above room temperature; (ii) indirectly, for crys-
tals with T~ below room temperature. In the sec-
ond case we chose two points: (a) the temperature
at which the spontaneous magnetization vanishes;
(b) the Curie-%cise temperature, calculated by

where
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fitting the formula X = C/(T+ 8«) to the experimen-
tal points above T&, where C is the Curie constant
and Hc„ is the Curie-gneiss temperature. The ex-
perimental results are presented in Fig. 1(a).

Nowik calculated the composition dependence of
the Curie temperatures of diamagnetic-substituted
YIQ, from the condition of existence of a solution
for the a, —s at T~, where 0, =0. Using this meth-
od, with the exchange parameters used in our ap-
proximations in I and ll, the Curie temperature is
given by

rc=%.u( —2s,a.A, -sulu&i
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[2+3n, (x)]2.5+ 2. 5n. (x)s x (3)

where we took s&, = 2. 5 and the net spin per 3Yb '

It can be seen from (1) that in our approximation
the Curie temperature is independent of J„and J,~.
This independence agrees with the fact that the Cu-
rie temperatures of RIG are almost independent of
the rare-earth ion R. For collinear spine, Eg. (1)
reduces to Eq. (4) of Nowik~ for diamagnetically
substituted YIG.

As shown in II, the equations of the o, do not work
near T~. Therefore, it can be assumed that Eq.
(1) will not fit the experimental results. Using Eq.
(1) with the exchange parameters of I we obtained
Tc (YbIG) =737 'K, compa, red to the experimental
values of T~= 548 K. ' We found that even the rela-
tive change of Tc with composition as given by Eq.
(1) does not correspond to the experimental values
as shown by curves 2 of Fig. I.

Rosencwaig calculated the composition depen-
dence of the relative change of T& assuming that
garnets with different concentrations of diamagnet-
ic ions obey a law of corresponding states. In or-
der to calculate the variation of the Curie tempera-
ture we have to know the mean spin ion per formula
unit and the magnetic energy per formula unit of the
garnet. For the garnets Yb& 9 Bi0 &Ca„Fe& „Si„O&3,
the mean spin is given by

= 2. 5. The magnetic energy is composed of two
terms: (i}the interaction energy between the iron
ions, which is given by

&au

V,g(x) =&,gBF, Z P,g(m}[(N„-m) cosy, (m)
m=0

—0. 5N„5, cos2+m)] —1.5n, (x)5~N~ I; (4}
)

(ii) the interaction energy between the Yb~' ion and
the iron ions, which is given by

&ca

V,~(x) = 3n, (x)s» Z P«(m)[(N~- m)Z„cosg, (m)sr,

—0. 5N,+„~c o2s$,( m)& r] . (5)

For the garnets Yb~oa„Fe5 „0», the mean spin is
given by

2. 5[2n, (x)+ 3n, (x)l+ 2. 5
20

The first term of the interaction energy depends
on which site canting occurs. For canting in the
(d) site, we have

&ua

V,~(x)= J,~sr,
~

3n~(x) Z Pq, (m)~[(N~ —m)cosp~(m)

-0.5N«5~ cos2$, (m)] n, (x)5,N« ~, ,
(7)

)
whtl«or canting in the [a] site, we have
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FIG. 1. Curie temperatures of diamagnetic-substituted YbIG: curves 1, calculated according to Rosencwaig (Ref. 3);
curves 2, calculated according to Eq. (2). (a) Ca-Si-substituted YbIG; (b) Ga-substituted YbIG. Experimental points:
~ in (a) en~ ~ in (b) measured; ~ in (b) from zero spontaneous magnetization; a, Curie-Weiss poi~ts. -
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FIG. 2. Magnetic susceptibility at 4. 2'K, along the
f111]direction of: (a) Vb2.9~Bio.~Ca„Fes Si„O~2, (b)
Yb36a„Fe5 Oq2, Curves, calculated; points, experimen-
tal.

3 I'
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(
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The second term of the energy is given in both
cases above by

Ngg

V,~(x) = Ss» Z P~(m)[(N~- m) cosp, (m)/~sr,

0. 5N„cos2y, (m)a„s»] . (9)

For both garnet systems the total energy is given

V(x) = V.,(x)+ V,„(x) . (10)

Using Eqs. (3), (5), (10), and (28) of Rosencwaig, e

we calculated the composition dependence of the
Curie temperatures and the results are plotted as
curves 1 of Fig. 1. It can be seen from these fig-
ures that there is reasonable agreement between
the calculated curves 1 and the experimental re-
sults.

Although it appears from the equations above that
the Curie temperature depends also on the rare
earth, the term V~ is much smaller than the term
V~. For example, V,~=0. 02V,~ for x=0 and V~
= 0. 06 V~ for x = 3. V5 in YbsGa„Fe~„Ogp.

III. MAGNETIC SUSCEPTIILm. '

It was mentioned in Papers I and II that the mag-
netic moment M is linear with the magnetic field H
at any temperature, for all crystals investigated.
The magnetic susceptibility, defined as (5Ml5&) I T,
is therefore constant with the field. Clark and Cal-
len found that X of YbIG is constant up to 189 kOe.
The magnetic susceptibilities at 4. 2'K of all crys-
tals investigated are presented in Fig. 2. It can be
seen from Fig. 2 that from a certain concentration
of diamagnetic ions the magnetic susceptibility at

(
. .

)
~~me(i)e«tj m (i) m (e) (12)

m, (i) = gs,a,(& ~ —i)

m. (j )= gs, a, (N —j),
where g is tQe Landb factor of the iron ions and i
and j are the number of diamagnetic ions in sites
(d) and [a], respectively. The other symbols are
defined in I. The product 8,0& gives the mean val-
ue of spin i in the direction of the magnetization.
We took as the number of (d) neighbors of ion (c},
%~= 6, inorder to get for pure YMG in formula
(12), Me=15'~. The susceptibility of the garnet

4. 2 K increases with incx"easing diamagnetic con-
centration.

The susceptibility increases from x= 0.V8 for Ga-
substituted YMG and from x=0. 55 to x=1.085 in Si-
Ca-substituted YIG. Geller et a .9 found a similar
phenomenon in diamagnetic-substituted YIG and at-
tributed this increase of susceptibility to the in-
crease in anisotropy of the garnets with diamagnetic
substitution. %'e shall see later that' in our garnets
the anisotropy decreases with increasing x; thex'e-

fore the anisotropy cannot explain the increase of
susceptibility. Moreover, Geller found the increase
of susceptibility only for much higher diamagnetic
substitutions. Clark and Callen showed that for a
collinear two-sublattice ferrimagnet there is a
range of fields and temperaiuxes in which a canted
configuration of the two sites exists. In this region
the magnetic susceptibility of the ferrimagnet is
field independent. The' YbIG can be considered a
two-site ferrimagnet where the magnetization of one
site is M„-M, and the magnetization of the second
site is M„where M, is the magnetization of site i
of the garnet. Due to the fact that for YbIG at low
temperatures IM~-M, I

= IM, l, the canted regions
begin at very low fields. 8 The susceptibility of YblG
in the canted region is given bye

X-'= x,«= ~(~„M, -~„~.)(~, -M.) ~, (11)

where X,~ is the parameter of the molecular field.
Using the assumption of the random distribution

of the substituted ions, the values of M, and M~ ax'e

changing from place to place in the crystal. One
needs therefore to consider the local moments m,
and m~. The local susceptibility araund a (c}ion
is variable and the measured susceptibility is the
mean value of the local susceptibilities.

%e shall now consider the two cases of Ca-Si-
and Ga-substituted Y116. As shown in paper 1,

= 0 in aur approximation. The local effective
molecular-field coefficient of YbmGa„Fe~.„O,~ is giv-
en by
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Ybsoa„Fe5.„0&z is given by
+ca "«

x= Z Qa'~(i)P {j)x,yq{i,j) .

Ip,~{i)is calculated from EII. {4) in I with %~=6.
In Ybz 9.„Bio qCa Fes„„si„Q&zthe number of mag-

netic ions in [a] is constant:

x„I(i)=
(J~m, (i)[m, (i) —m, j '~,

with m~(i) defined by (14) and m, =gs, o,N„. The
susceptlbIllty of the gRIllet is gIven by

@cd

x = ~ a.e(i)&.s'(i)
)=1

(15)

{16)

IV. MAGNETIC ANISO'FROPY

In Papers I and II the spontaneous magnetization
Mo in the easy direction [111]was discussed. The

The curves calculated with (15) and (16) are
shorn in Fig. 2. It can be seen from this figure
that ere get good agreement vrith experiment for
values of x up to x= 2. 25 in ~GR„I'85.„OI~ and up
to @=1.04 in Ybz 9 „Bio~Ca„Fe5 „Si„O&z.

The above equations for y were deduced assuming
collinearity of the spine in sites [a] and (&) as It
occurs in pure YbIG. It was shown in papers I and
D that the spins in substituted garnet are no longer
collinear, but fol m canting angles with the direc-
tions of the external magnetic field. For small
vRlues of x, the cRntiIlg Rllgles of 'the spills [a] Rlld

(d) which contribute to the total magnetization are
small and one can still assume collinearity of spins
[a] and (b) making it possible to use the assump-
tions of Clark and Callen and the above equations.
For higher values of x there is a distribution of
significant canting angles and therefore it is not
possible to assume collinearity of spine [a] and (d).
This explains the discrepancy bebveen the calcula-
ted curves and the experimental results at highva1-
ues of x.

spontaneous magnetization along other crystallo-
graphic directions, like [110]or [100], was alsode-
termined for all crystals at 4. 2'K. The ratios
rI = MD[100]/MD[I I I] and I"q = MD[110]/MD[Ill] were
calculated (Mo fkkl] is the spontaneous magnetiza-
tloll Rlollg the crystallographic dll'ectioII [kkl]) RIld

the results are presented in Fig. 3.
The garnet YbIG is highly anisotropic 0 arith the

[ill j direction being the easy axis of magnetiza-
tion. At zero external field, the spins are oriented
along the [ill] direction. If one measures, at low
temperatures, the magnetization along any crystal-
lographic direction [kkl ] and extrapolates to zero
external field one should obtain r = MI[kkl]/Ma[ill]
= cosg, where Mo[kkl] is the spontaneous magnetiza-
tion along the direction [kkl] and g is the angle be-
tween the direction [kkl] and the direction [111].

We found that in all measured crystals the [111]
direction is the easy axis of magnetization. From
the values of cosp, we should have for all x, rI
= Ma [100]/Mo[l 11]= 3 I I~ and rI = M(&[110]/Mo[i ll]

We can see from Pig. 3 that the above relations
do not apply, but instead the two ratios xz and tz
increase vrith x. The ratios x& are obtained assum-
ing that the spins are strongly connected to the
[111]direction and that an external field only bends
them alogy from this direction. In order to ex-
plain the experimental results, one has to assume
that some of the spine are weakly connected to the
[ill] direction and follow the direction of the ex-
ternal field from the smallest field we used (2. 5
k08). This can occur if the local anisotropy field
is smaller than the external magnetic field. The
anisotropy of the exchange field is a result of the
interaction of the Yb ' ions with the iron ions of
site (d) because in our approximation the ion (e}
interacts mainly vrith the nearest two neighbors
(&).

One can assume that a Yb~' ion vrithout a magnet-

g,fhIIlj

vgsj
~,[hhtj

g[ui]
{b)

;»o.
'

).0-
09
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I, experimental
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ic nearest neighbor (d) does not contribute to the
anisotropy of the garnet. A fraction of the magnet-
ic spins, proportional to the Ybs' ions without any
magnetic nearest neighbor (d), has low anisotropy
and they foQow the direction of the external field.
The other spine remain connected to the [ill] di-
rection. For the garnets ~Ga„Fel „Ozz, we there-
fore can write

~,[a~iy~, [1»]=y„(8).~.,(i)j-.~.~.(o).
(1'1)

For the garnets Yb~ I.„Bio~Ca FeI,S„O~I, w«an
wrlt8

M,[hei] [p„(2)+S„(1)]cos@,(x)+Z„(O)[1-s,(x)]
M,[111] [P~(8)+P„(1)]s,(x) +P~(0) [1 —n, (x)]

(18)
The denominator in (18) is necessary for the nor-

malization: Ma[111]/Mo [111]= 1. Using the rela-
tions (1'1) and (18)we could calculate the composition-
al variation of the magnetization anisotropy of the dia-
magnetic-substituted YbIG. The results are shown

in Fig. 3 and one can see that we obtained a fair
agreement with the experimental results.

V. CONCLUSIONS

The statistical model of the mo1.ecular field with
the assumptions of a distribution of canting angles
proved to be auseful tool for explaxnxng the magnet-
'ic properties of diamagnetic-substituted-YbIG sys-
tems. The statistical model was extended from the
two-sublattice ferrimagnet to a three-sublattice
ferrimagnet. Once the exchange parameters of
pure YbIG were determinated, the temperature and
composition dependence of the spontaneous magneti-
zation as well as the composition dependence of the .

Curie temperatures, of the magnetic anisotropies,
and of the magnetic susceptibility were success-
fuQy explained.
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Temperature dependence of the fine structure in the optical-absorption spectrum is measured on the
A,~t E, A ll transition in KMnF3. All the components are classified into an excitonic transition and

magnon-phonon sidebands. Some of the sidebands have the same temperature dependence as the sublattice
magnetization, while the others show weak dependence with temperature. A hot band due to the
magnon-phonon absorption is also observed.

I. INTRODUCIION

Optical-absorption spectra of antiferromagnetic
KMnFs crystal exhibit complicated fine structure
at low temperatures. The most interesting fea-
ture of the fine structure is that an exciton-mag-
non absorption mechanism is responsible for the
transitions between Stark levels of the divalent
manganese ion. Magnon sidebands have been ob-
served by several workers in the first excitation
band (~A,(8)- T~(G)j and the third excitation band

[ Aq(G), E(G)]j. There is no ambiguity in the

assignment of excitonic transitions and magnon
sidebands, although the observed magnon energies
are slightly different from each other. Pickart
et al.e obtained the spin-wave dispersion relation
of antifexromagnetic KMnP3 by means of neutron
inelastic scattering and compared it with theory,
assuming that the antifex romagnet has a collinear
magnetic structure with two interlocking face-cen-
tered-cubic sublattices. The most probable val-
uese for the nearest- and next-nearest-neighbor ex-
change constants and an anisotropy field lead to the
following magnon energies at the critical points of


