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The molar magnetic susceptibilities (^M) of spherical balls of rare-earth iron garnets REIG's, 
with RE = Y, Gd, Dy, Ho, Er and Yb, prepared from pellets pressed at pressures ranging from 
2 to 8 x 107 kg m - 2 , have been measured in the temperature range 300—900 K. It is found that 
£Ma exp( — /), where / is the pore fraction of the pressed balls. It has also been observed that 
for a particular garnet at a fixed temperature increases from powder through pressed material 
to single crystal. REIG's reveal typical ferrimagnetic behaviour with the ferrimagnetic Curie 
temperature (Tc) lying in the range 550—570 K for single crystals. In general, for pressed 
material Tc increases linearly with density. The /J^1 vs, T variation has been analysed using 
molecular field theory. It has been found that for Tc the magnetic ions behave as if they 
were almost free and yield a magneton number very close to their free ion value. 

1. Introduction 
The name rare-earth iron garnets (REIG) is given 

to a series of compounds with the general chemical 
formula REaFesO^, where RE stands for a rare-
earth. REIG's as a class of ferrimagnetic oxides 
were first established by Bertaut and Forrat [1] and 
independently by Geller and Gilleo [2]. These gar-
nets have high initial permeabilities, a narrow hys-
teresis, low dielectric losses and high resistivities 
[3—5]. In technical applications they are used in 
the form of thin films, poly- or single crystals, pow-
der and pressed pellets. Their structure [1,2,6], 
magnetic [7—9], optical [10, 11], electrical trans-
port [12 — 14] and other properties have been re-
ported. For the last several years we have been 
trying to understand the electrical transport and 
magnetic properties of lanthanide compounds, par-
ticularly their oxides [15—17], tungstates [18—24], 
molybdates [25—28] and orthochromites [29, 30]. 
Recently we have studied the transport properties 
of Gadolinium and Dysprosium iron garnets [31,32] 
and the magnetic susceptibility of Yttrium iron 
garnets doped with heavy lanthanides [33]. In this 
paper we report on the magnetic susceptibility of 
some rare-earth iron garnets REIG, where RE = Y, 
Gd, Dy, Ho, Er and Yb, in the form of powder and 
pressed balls. The garnets in general are cubic ionic 
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compounds. The REIG structure is characterised 
by three types of sites, usually referred to as sites 
"a", "d" and "c" . Three Fe3+ ions occupy site "d" 
with tetrahedral oxygen surrounding, the other two 
Fe3+ ions are located at site "a" with octahedral 
oxygen surrounding. The three RE3+ ions occupy 
site "c" with dodecahedral oxygen surrounding. The 
lattice parameters together with the X-ray densities 
of different REIG are given in Table 1. 

2. Material and Experimental Technique 

All REIG powders have been prepared in the 
usual way [4] from RE203 (M/S Rare-Earth Product 
Ltd., England) with stated purity of 99.99 percent 
and Fe203 (M/s Bonds, India) with stated purity of 
99.99 percent. The compounds were thoroughly 

Table 1. The lattice parameters and measured and X-ray 
densities of the studied REIG's. 

Garnets Lattice 
constant * 
a0(A) 

Density 
do (kg/m3) 
X 10-3 

Density of** Pore 
pressed balls frac-
d p (kg/m3) tion 
X 10-3 (/) 

YIG 12.376 5.17 3.20 0.38 
GdIG 12.471 6.44 3.90 0.39 
DylG 12.405 6.61 3.92 0.40 
HoIG 12.375 6.77 4.05 0.40 
ErIG 12.347 6.87 4.07 0.40 
YbIG 12.302 7.06 4.16 0.41 

* From G. P. Epinosa, J. Chem. Phys. 37, 2344 (1962). 
** Made out of pellets pressed at a pressure of 8 X 

107 kg/m2. 
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mixed, pelletized and heated at 1400 °C for five 
hours in a platinum crucible in air. The material 
was crushed, reground into powder, made into pel-
lets again and retired under the same conditions for 
about ten hours. X-ray diffraction checks did show 
that single phase garnets have been obtained. The 
magnetic susceptibilities have been measured by 
Faraday's method on samples prepared separately 
for each garnet in each form. The measurement on 
each sample has been repeated once or twice. 
Gd2(W04)3 has been used as standard substance. 
A correction for the container has been taken into 
account. The overall error in these measurements 
is about two percent around 300 K and becomes 
about five percent at 900 K. The details are describ-
ed elsewhere [34]. 

3. Results and Discussion 

The REIG powders were pressed to form small 
cylinders. Spherical samples of about 4 mm diam-
eter were prepared from these cylinders. The den-
sities (dv) of the cylinders have been measured by 
the usual method and are given in Table 1 together 
with the pore fractions (/). 

The molar magnetic susceptibility of the 
powder and balls (pressed at 4 X 107 and 
8 x l 0 7 k g m - 2 ) have been measured in the tem-
perature range 300 to 900 K at a field strength of 

8.36 x 105A-m-i (~ 11 kOe). 

No hysteresis in the susceptibility has been observed 
during the heating and cooling cycles. The results 
for all the garnets are shown in Figure 1. Obviously 
different curves are obtained for powders and press-
ed balls. The susceptibility increases from powder 
to pressed material to single crystals. This result is 
not altogether unexpected. In Fig. 2, the molar 
magnetic susceptibility has been plotted against the 
density for different REIG's at a fixed temperature. 
The densities of the powders have been obtained 
by extrapolation of the d vs. p curves to p = 0. The 
variation of the molar magnetic susceptibility with 
density can be represented by the equation 

UM)P = ( * M ) c e x p ( - / ) , (1) 
where (/M)p and (^M)c are the molar magnetic sus-
ceptibilities of pressed material and single crystals, 
respectively, and / is the pore fraction given by 

Table 2. Some magnetic parameters of REIG's. 

Gar- State Parametric temper- Curie CM 
nets atures temper-

ature 
(K m3y 
mole) 

0a (K) 0(K) 0b(K) Tc(K) X 104 

YIG Po -1250 520 133.4 530 2.567 
P4 -1210 525 132.1 535 2.657 
Ps -1170 530 130.8 540 2.587 

GdIG Po - 260 470 60.6 475 5.639 
P4 - 212 485 59.3 490 5.643 
P8 - 175 495 58.1 500 5.645 

DyiG Po - 240 505 61.2 510 7.917 DyiG 
p4 - 163 515 58.5 520 7.917 
Ps - 102 525 56.2 530 7.917 

HoIG Po - 232 485 60.1 490 7.964 
P 4 - 128 505 56.5 510 7.967 
Ps - 49 510 53.1 515 7.969 

ErIG Po - 120 495 55.7 500 7.046 
p4 - 37 500 52.1 505 7.046 
Ps - 4 505 50.7 510 7.046 

YbIG Po - 630 470 74.3 475 3.667 
p4 - 545 475 71.6 480 3.667 
Ps - 445 480 63.6 485 3.667 

Po — powder, P4 and Ps stands for material pressed at 
4.3 x 107 kg m - 2 and 8.7 x 107 kg m2~, respectively. 

where dv is the density of the pressed material and 
d0 is the X-ray density. 

The XM1 v s - T curves (Fig. 1) are of the ferri-
magnetic type. For T > Tc can be expressed by the 
relation 

X M <?M < 7 M ( T - » ) ' 

where 0a, 0b and 0 are empirical parameters, the 
physical significance of which is not assigned here. 
The values of 0a, 0b and CM are shown in Table 2. 
The ferrimagnetic ordering temperature (T c) is de-
fined as the temperature at which XM1 0. Using 
this definition one gets the following relation for 
evaluating Tc: 

( y c - 0 a ) ( T c - 0 ) = 0b2. (4) 

Only real and positive values of Tc are physically 
meaningful. The evaluated values of T c for powder 
and pressed material of different garnets are also 
given in Table 2. It is seen that T c increases with 
pelletizing pressure. For a particular garnet it is 
highest for single crystals. 

The variation of Tc with d, as shown in Fig. 3, 
can be represented by the relation 

Tc = md + q. (5) 

f = (do — dp)ld0, (2) The values of ra and q are given in Table 3. 
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Fig. 2. Inverse of molar magnetic susceptibility (̂ M 1) VS. (D) density for REIG 
at 7 = 800K. 
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Fig. 1. Inverse of molar magnetic susceptibility (̂ m 1) V8- temperature (T) 
for powder (•) and pressed balls (A, •) of REIG (RE = Y, Gd, Dy, Ho, 
Er and Yb) at an applied magnetic field of 8.36 X 105 A-m -1. A pressed 
at 4.3 X 107 kg-m~2, • pressed at 8.7 X 107 kg-m-2. --- theoretical curves. 
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Fig. 3. Ferrimagnetic Curie temperature (Tc) vs. density (d) for REIG. 
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Table 3. Values of m and q for different REIG's. 

Garnets m (K/kg • m~3) X 103 q(K) 

YIG 6.0 522 
GdIG 23.0 436 
DylG 14.5 480 
HoIG 20.0 456 
ErIG 16.0 466 
YbIG 19.5 420 

The magnetically simplest garnet is YIG. It con-
tains only Fe3+ as magnetic ion at sites "a" and 
"d" and can be pictured by a two sublattice model 
with three types of magnetic interactions, w ĥich are 
customarily represented by the constants a, ß and n 
[35]. These constants are related with the param-
etric temperatures 0a > öb and 6 and the Curie con-
stants of the sublattices, namely Ca and Cd, by the 
relations given elsewhere [35]. From these relations 
a, ß and n for powder and pressed balls of YIG have 
been obtained and are given in Table 4. Both a and 
ß are small compared to unity, which indicates that 
the a—d magnetic interaction dominates over the 
others, as expected. Further a, ß and n for powder 
and pressed pellets are nearly the same, indicating 
that the internal fields on various sites remain un-
changed. Thus the increase in XM from powder to 
pressed pellets to single crystal is not a microscopic 
effect but related to the grains. The interaction be-
tween these magnetized granules affects the value 
of 

XM- Obviously, the interaction will be larger in 
more dense packed granules. The case of single crys-
tals seems to be entirely different. Here the highest 
value is obtained because there are no grain bound-
aries and long range ordering extends over the whole 
crystal. Such results have also been observed by 
other workers for other materials [36, 37]. The size 
of the grains may also affect the XM values. How-
ever, we did not observe such effects. The depend-
ence of XM on density may be important in applica-
tions. 

In the other REIG's we have an additional mag-
netic ion RE3+ situated at site "c" . Thus we have 
three sublattices and six magnetic interactions. 
Table 4. Molecular field parameters for YIG. 

State a ß n 

Po - 0.38 - 0.43 2.7 X 104 

P4 - 0.38 - 0 . 4 3 1.6 X 104 

Ps - 0.34 - 0.40 1.3 X 104 

These interactions are nearly same for a garnet in 
either form, and have been evaluated for single 
crystals elsewhere [7], 

At temperatures T > Tc the magnetic inter-
actions become weak compared to the thermal 
energy kT and hence XM c a n expressed by the 
relation 

5 p2 

XM 
o 

3 k 
3 p"< 

(6) 
(T-6 a) (T-6 a'). 

where /up Bohr's magneton, juo is the permeability 
of free space, 5 N and 3 N are the number of Fe3+ 

and RE3+ ions per gram-mole of REIG (N being 
Avogadro's number), p is the magneton number of 
Fe3+ ion, p' is the magneton number of RE3 + ion, 
and 0a and 0a' are the paramagnetic Curie tempera-
tures which take into account the effect of various 
interactions on Fe3+ and RE3+ ions respectively. 
At higher temperature the ratio (I7 — 0a)/(T — 0a') 
tends to unity and (6) reduces to 

XM 
3 k T -

where 

V 
5 p2 + 3 p'2 

/fj 2 

1/2 

(7) 

(8) 

is the average magneton number per magnetic ion 
of the REIG. It has already been pointed out that 
the XM. °f all studied garnets can be expressed by (3). 
For T - > oo this relation reduces to 

xm1 = ( t - ea)/c M • (9) 
This is the equation of the asymptotic line to curve 
expressed by (3). From the slope of the asymptotic 
line CM can be obtained. Comparing (7) and (9) one 
gets 

SNrfvoP 2 
ÜM = 

or 

V = 

3 k 

3 kC* 
8 N/ujfio 

1 /2 
(10) 

Experimental values of p have been evaluated from 
the values of CM and are given in Table 5. Theoret-
ical values of p and p' are known, and hence one 
can evaluate theoretical values of p using (8). It is 
seen from Table 5 that there is fair agreement be-
tween the theoretical and experimental values of p. 
The agreement becomes closer for dense balls. How-
ever, the experimental p values are somewhat 
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Table 5. Experimental and theoretical values of magneton 
numbers for different REIG's. 

Garnets Experimental value of p Theo- Fe3+ ion 
retical vacancies 

Po P4 Ps P per mole 

YIG 5.71 5.72 5.74 5.92 1.73 X 1023 

GdIG 6.70 6.70 6.70 6.75 4.75 X 1022 

DylG 7.94 7.94 7.94 8.02 9.02 x 1022 

HoIG 7.96 7.96 7.96 8.00 4.51 X 1022 

ErIG 7.49 7.49 7.49 7.51 2.12 X 1022 

YbIG 5.40 5.40 5.40 5.4 3.06 X 1022 

smaller than the theoretical ones. The reason for 
this discrepancy is due to missing Fe3+ ions. It has 
been noticed from the study of the electrical prop-
erties [38] that all REIG's have native defects 
identified as Fe3+ ion vacancies and Fe4+ sites. The 
number of Fe4+ sites can be evaluated from the 
difference of the theoretical and experimental values 
of p. To maintain charge neutrality, a single Fe3+ 

ion vacancy will create three Fe4+ sites. Let x be 
the number of Fe3+ ion vacant sites per mole of 
the garnet, then the number of Fe4+ sites per mole 
of the garnet will be 3x. The corresponding decrease 
in the number of Fe3+ ions, which would have con-
tributed to the molar susceptibility, will be 4x. The 
molar susceptibility of garnets in the presence of 
these Fe3+ ion vacancies will be given by the rela-
tion (for Tc), 

XM 
Pflt* o 

3k(T -
T — 

{5N - 4x)p2 + 3Np'2 

T — 

0a) 

T — 
T — , (11) 

where p" is the magneton number for Fe4+ ions 
and 0a" is the paramagnetic Curie temperature 
which takes account of various interactions in-
volved. At very high temperatures (T —^OO) the 
ratios (T — 0a)/(jT — 0a') and (T — 0a)/(T — 0a") will 
tend to unity and the above relation can be ap-
proximated by 

3 k ( T - d & ) 
XM — 

SN FJ,ß/J,0 

8 

where 

- 2 
Pexptl 

5p2 + 3p'2 

~~8 
1 / 4 s 2 3s , (13) 

and £ (5 p2 + 3 p'2) is the square of the average 
magneton number of the magnetic ions in a mole 
of stoichiometric iron garnet. We can calculate ptheo 
and hence estimate the number of Fe3+ ion vacancies 
by the relation 

g^y (Ptheo Pexptl) 
~ 4 p2 — 3 p"2 ' 

(14) 

The estimated number of Fe3+ ion vacancies in the 
different garnets are given in Table 5. 

4. Conclusions 

1. The magnetic susceptibility of rare-earth 
iron garnets increases exponentially with pore 
fraction from powder to pressed material to single 
crystal. 

2. Rare-earth iron garnets exhibit a typical ferri-
magnetic characteristic. The magnetic ordering 
temperature lies in the range 550—570 K for single 
crystal. For pressed material and powder it is 
lowered. 

3. Tc for a particular REIG is lowest for powder 
and highest for single crystal. It varies linearly with 
density. 

4. At very high temperatures (T > Tc) the mag-
netic ions in REIG's behave as if they were almost 
free and the magnetic susceptibility varies inversely 
with the absolute temperature. There is fair agree-
ment between the average magneton number per 
ion as obtained from ^M1 v s - T slopes and cal-
culated values taking all ions as free. 

5. Below T c , the magnetic susceptibility becomes 
a complex function of the magnetic field and tem-
perature. However, at a particular field it increases 
with decrease of temperature. 

or 
5p2 + Zp'2 — (4:x/N)p2 + (3 x/N)p"2 AcknovÄedgement 

(12) 
3k(T — 0a) 

XM — 8A/>^0Pexptl 

One of the authors of this paper (VRY) is thank-
ful to University Grant Commission, India for the 
award of Teacher Fellowship to him. 



1088 V. R. Yadava et al. • Magnetic Susceptibility of Pressed Powders 

[1] E. F. Bertaut and F. Forrat, C.R. Heabd. Seanc. 
Acad, Sei. Paris 242, 382 (1956). 

[2] S. Geller and M. A. Gilleo, Acta Crystallographie 10, 
239 (1957); J. Phys. Chem. Solids 3, 30 (1957). 

[3] R. S. Tebble and D. J. Craik, Magnetic Materials 
(John Wiley, London 1969). 

[4] K. J. Standley, Oxide Magnetic Materials. Clarendon 
Press, Oxford 1972. 

[5] F. F. Y. Wang, Treatise Mat. Sei. Tech. 2, 279 (1973). 
[6] S. Geller, H. J. Williams, and P. C. Sherwood, Phys. 

Rev. 123, 1692 (1961). 
[7] R. Aleonard and J. C. Barbier, J. Phys. Radium 20, 

378 (1959). 
[8] L. Suchow and M. Kokta, J. Solid State Chem. 5, 

329 (1972). 
[9] C. D. Brandle and S. L. Blank, IFEF Trans. Magnetic 

Mag. 12, 14 (1976). 
[10] B. G. Wybourne, J. Chem. Phys. 36, 2321 (1962). 
[11] M. M. Ellis and D. J. Newman, J. Chem. Phys. 47, 

1986 (1967); 49, 4037 (1968). 
[12] R. F. Fountana and D. J. Epstein, Mat. Res. Bull. 

6, 959 (1971). 
[13] Ya. M. Ksendzov, A. M. Kotelnikova, and V. V. Ma-

karov, Sov. Phys. Sol. State Phys. 13, 1563 (1974). 
[14] P. K. Larsen and R. Metselaar, Phys. Rev. B 14, 

2520 (1976). 
[15] H. B. Lai, B. K. Verma, and N. Dar, Ind. J. Cryo-

genics, 1, 119 (1976). 
[16] H. B. Lai, V. Pratap, and A. Kumar, Pramana 10, 

409 (1978). 
[17] B. K. Verma, V. Pratap, and H. B. Lai, Ind. J. Pure 

Appl. Phys. 18, 150 (1980). 
[18] H. B. Lai, N. Dar, and A. Kumar, J. Phys. C: Solid 

State Phys. (G.B.) 7, 4335 (1974); 8, 2745 (1975). 
[19] H. B. Lai, N. Dar. and L. Lundgren, J. Phys. Soc. 

Japan 41, 1216 (1976). 
[20] H. B. Lai and N. Dar, J. Phys. Chem. Sol. 38, 161 

(1977). 

[21] N. Dar and H. B. Lai, Pramana 11, 705 (1978). 
[22] B. K. Verma and H. B. Lai, J. Phys. C (G.B.) 11, 

5035 (1978). 
[23] N. Dar and H. B. Lai, Mat. Res. Bull. (USA) 14, 

1263 (1979). 
[24] H. B. Lai, J. Mag. Mag. Mat. (USA) 23, 41 (1981). 
[25] H. B. Lai and R. N. Pandey, Z. Naturforsch. 33a, 

235 (1978). 
[26] V. Pratap and H. B. Lai, Nat. Acad. Sei. Letters (India) 

1,381 (1978). 
[27] A. K. Tripathi and H. B. Lai, J. Phys. Soc. Japan 

49, 1896 (1980). 
[28] H. B. Lai and V. Pratap, J. Mat. Sei. 17, 377 (1982). 
[29] A. K. Tripathi and H. B. Lai, Mat. Res. Bull. (USA) 

15, 233 (1980). 
[30] A. K. Tripathi, J. Amer. Ceram. Soc. 63, 475 (1980). 
[31] V. R. Yadava and H. B. Lai, Canad. J. Phys. 57, 

1204 (1979). 
[32] V. R. Yadava and H. B. Lai, Japanese J. Appl. 

Phys. 18, 2229 (1979). 
[33] V. R. Yadava and H. B. Lai, Nat. Acad. Sei. Letters 

(India) 2, 77 (1979). 
[34] A. Kumar, Electrical Transport and Magnetic Prop-

erties of Solids, Ph. D. Thesis 1976, Gorakhpur Uni-
versity, India. 

[35] J. B. Goodenough, Magnetism and Chemical Bond, 
John Wiley, New York 1966, p. 75. 

[36] K. G. Srivastava, C. R. Akad. Sei. Paris 253, 2887 
(1961). 

[37] J. Cochen, K. M. Greer, R. Pauthenet, and K. G. 
Srivastava, J. Phys. Soc. Japan 17, Suppl. BI 685 
(1962). 

[38] V. R. Yadava, Electrical Transport and Magnetic 
Studies of Some Rare-Earth Iron Garnets, Ph. D. 
Thesis 1980, Gorakhpur University, India. 


