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Magnetic properties of (Dyl-xGdx)aGasO 2 
garnet single crystals 
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National Research Institute for Metals~ 1-2-1 Sengen, Tsukuba, Ibaraki 305, Japan 

Magnetic properties of (Dy 1 _xGd~)3Gas012 (DGGG) garnet single crystals were calculated 
using the Weiss molecular field theory and also measured using the vibrating sample 
magnetometer in the temperature range 4.2-40 K in the effective magnetic field from 0-7 T. 
The magnetic properties of DGGG single crystals are distributed between those of Dy3Gas012 
(DGG) and Gd3Gas012 (GGG) single crystals, but are considerably closer to those of DGG. 
Based on the magnetic properties, the magnetic entropy change, ASM, was evaluated in the 
temperature range below 15 K. DGGG single crystals are a prospective material for magnetic 
refrigeration below 1 5 K. 

1. In troduct ion  
Single crystals of rare-earth gallium garnets were ex- 
pected to be useful for cryogenic magnetic refrigera- 
tion [1-4]. A Dy3GasO12 (DGG) single crystal is one 
promising material for the magnetic refrigeration to 
generate liquid He or super-fluid He from He gas 
below 15 K. However, it is very difficult to grow DGG 
single crystal because of spiral growth [4]. In order to 
reduce the spiral growth of DGG single crystal, the 
substitution of Gd for Dy is effective, such as 
(Dya_~Gd~)3GasO12 (DGGG) solid solution single 
crystals [5]. Magnetic properties, especially magnetic 
entropy change, are  the most important character- 
istics for the magnetic refrigeration [4]. However, no 
magnetic properties of D G G G  single crystals have 
been reported. 

In the Present work, the magnetization of the 
D G G G  single crystals was calculated and also meas- 
ured using the Weiss molecular field theory, and then 
the magnetic entropy change was evaluated. The pos- 
sibility of application of D G G G  single crystal to 
magnetic refrigeration is discussed based on the mag- 
netic entropy change and the adiabatic demagnetiza- 
tion measurements. 

2. Weiss molecular field theory 
D G G G  single crystals are an antiferromagnetic ma- 
terial. Based on the Weiss molecular field theory, the 
magnetization, M, is described by the total angular 
moment, J, and the Coefficient, ~, related to the mag- 
netic field, H, and temperature, T, as follows [6j 

/ 2 J  + 1 . 2 J  + 1 
M(T, H) = N g g j ~ c o t h - - ~ - - ~  

1 @ (1) 2~coth 

with 
X M + H  

= glaBJ kT (2) 

and 

2k 
X - NgZg~J(J + 1) TN (3) 

where N is the atomic number in unit volume, ~t B is the 
Bohr magneton, g is the g-factor, k is the Boltzmann 
constant and TN is the NSel temperature. 

The magnetic entropy change, AS~, at a given 
temperature is calculated using the following equa- 
tion, 

.(~ [ ~M \ d ASM ~ T )  H H (4) 

For the calculation, we assume the values of J, g and 
TN to be as shown in Table I, which are interpolated 
in proportion to the Gd content, x, between the values 
of DGG and GGG [4, 7, 8]. In this calculation, AS M is 
rarely affected by TN because the calculation is per- 
formed in the temperature range 4.2-40 K which is 
considerably higher than TN. 

Fig. 1 shows the relation between the magnetic 
entropy change, ASM, and the temperature calculated 
from Equation 4 with x = 0.25, 0.5 and 0.75 in 
(Dy 1 _ xGdx)aGasOlz. AS M increases with increasing x 
in the temperature range below 17 K. Conversely, AS M 
decreases above 17 K. In any case, the values of ASM 
are distributed between those of DGG (x = 0) and 
GGG (x = 1). Such a Gd content, x, dependency of 

T A B L E  I Assumed parameters for calculation of ASM for 

(DYl -~Gdx)3GasO12 

x J g T N 

0 0.50 13.00 0.3 
0.25 1.30 10.25 0.3 
0.5 2.0 7.50 0.3 
0.75 2.80 4.75 0.3 
1 3.50 2.00 0.3 
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Figure 1 Relation between magnetic entropy change, ASM, and 
temperature, T, in various magnetic fields for (Dyl -xGdx)3GasOm 2, 
calculated from Equations 1-4. 

AS M is attributed to how ASM is affected by J or 9; the 
larger the g-factor, the greater the ASM in the higher 
temperature region, and the larger the J, the greater 
the ASM in the lower temperature region. 

3. Experimental procedure 
For the magnetization measurements, spherical sam- 
ples with a diameter of about 2 mm were prepared 
from the grown single crystals with x = 0.25; 0.5 and 
0.75. The magnetization measurements were per- 
formed along the { 1 1 1) crystal direction in the effect- 
ive magnetic field from 0-7 T in the temperature range 
between 4.2 and 40K using a vibrating sample 
magnetometer. An effective magnetic field was ob- 
tained using the demagnetizing factor of the spherical 
shape of the sample. Although the Dy ion has an 
anisotropic magnetization, the ASM of DGG rarely 
depends on the crystal direction [4]. The magnetic 
susceptibility was deduced from the magnetization 
measurement in a weak effective magnetic field below 
1 T. The temperature of the sample was measured 
using an Ag-Au + 0.07 % Fe thermocouple in contact 
with it. 

From the magnetization-field curves measured at 
various temperatures, the magnetic entropy change, 
ASM, of the sample was also obtained using 
Equation 4. 

For the adiabatic demagnetization measurement, a 
cylindrical-shaped sample was prepared, weighing 
about 30 g. The sample was first held at a given 
temperature of 7-30 K in an applied magnetic field of 
0-6 T, and then demagnetized adiabatically. The ini- 
tial temperature of the sample before demagnetization 
was adjusted by supplying the heat power through a 
manganine wire wound noninductively around the 
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sample, and then the temperature drop was measured 
immediately after the heater power and the applied 
magnetic field were removed. The temperature was 
measured using a carbon glass resistance temperature 
sensor (CGR) inserted into ahole at the sample centre 
which was drilled subsonically, 

4. Results and discussion 
Fig. 2 shows the relation between the magnetization, 
M, and the effective magnetic field, H, for the crystal 
with x = 0.5. Similar curves are measured for other 
different Gd content single crystals. For DGG, the 
magnetization tends to saturate at temperatures 
below 10 K in effective magnetic fields above 5 T [4]. 
On the other hand, saturation is not observed for 
DGGG. This is due to the effect of substitution of Gd 
for Dy. Fig. 3 shows the relation between the magnet- 
ization and the effective magnetic field for the crystals 
with x = 0.25, 0.5 and 0.75 at 4.2 K. The value of the 
saturation magnetization with x = 0.75 is the largest 
of t'he three, and tends to decrease with decreasing x. 

Fig. 4 shows the temperature dependence of the 
product of magnetic susceptibility and temperature, 
%m T for the crystals with x = 0.25, 0.5 and 0,75. The 
values of Xm are obtained from the linear part of the 
curves below 1 T in Fig. 2. In the temperature range 
below 10 K, the values of Xm T linearly decrease with 
decreasing temperature in accordance with the 
Curie-Weiss law. However, the values tend to deviate 
from the Curie-Weiss law above 10 K, being affected 
by the excited state doublet of the Dy ion, which 
appeared near 30 K for DGG. The various parameters 
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Figure 2 Relation between magnetization, M, and effective mag- 
netic field, H, at various temperatures with x = 0.5. Temperature 
= (O) 4.2, (A) 6.9, (D) 9.0, (V) 11.9, (~)  14.0, (0)  18.1, (A) 22.6, 

( I )  28.3, (~') 35.6 and (~)  40.4 K. 
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Figure 3 Relation between magnetization, M, and effective mag- 
netic field, H, with x = (�9 0.25, (A) 0.5 and (2 )  0.75 at 4.2 K. 

Curie Weiss constant, C m, the paramagnetic Curie 
temperature, % the Van Vleck contribution 0d, the 
magnetic moment p and the g-factor on the ground 
state doublet. The values of GGG are taken from the 
results of Wolf et al. [-7]. Present analysis shows that 
the magnetic properties of D G G G  are distributed 
between those of DGG and GGG, but are especially 
closer to those of DGG. 

Fig. 5 shows the relation between the magnetic 
entropy change, ASM, and temperature, T, in various 
initial effective magnetic fields before demagnetization 
with x = 0.5, obtained using Equation 4 from the data 
in Fig. 2. AS~ decreases with decreasing initial effective 
magnetic field. 

Fig. 6 shows the temperature dependence of AS M for 
various Gd contents D G G G  single crystals when the 
initial effective magnetic field is 7 T. As x increases, 
AS M decreases in the temperature above 15 K, and 
contrary, AS M increases below 15 K. The ASM-T rela- 
tion obtained from the magnetic measurements shows 
a similar tendency to that calculated from the Weiss 
molecular field theory. Fig. 7 shows a comparison 
between the calculated and experimental ASM in an 
effective magnetic field of 7 T with x = 0.5. The experi- 
mental values are larger than the calculated ones 
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Figure 4 Temperature dependence of the product of magnetic 
susceptibility and temperature, XmT, obtained from the linear part 
below 1 T in Fig. 2. (a) x = 0.25, (b) x = 0.5, (c) x = 0.75. 

were determined from the ZmT T curves below l0 K, 
fitted to Equation 5 

Cm 
zm - + ~' (5) 

T +  Op 

Table II shows the magnetic parameters of 
(Dyl_xGdx)3Ga5012 single crystals, namely the 

T A B L E  II Magnetic properties of (Dyl_xGd~)3GasOl2 single 
crystal, namely the Curie-Weiss constant, Cm, the paramagnetic 
Curie temperature, 0p, the Van-Vleck contribution, 0(, the magnetic 
moment, p, and the g-factor on the ground state doublet 

x C~ (Kcm3mol 1) 0p(K) ~'(cm3m~ P/PB 

0 6.05 0.33 0.42 7.00 
0.25 6.49 0.02 0.16 7.21 
0.5 6.29 0.05 0.25 7.09 
0.75 6.54 0.21 0.16 7.23 
1 7.82 2.3 - -  7.91 
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Figure 5 Relation between magnetic entropy change, ASM, and 
temperature, T, with x = 0.5 in v~rious effective magnetic fields of 
(�9 7, (~ )  6, (7 )  5, (V) 4 and (~)  3 T. 
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Figure 6 Relation between experimental magnetic entropy change, 
ASM and temperature, T, with x = (V) 0, (�9 0.25, (~)  0.5 and ([~) 
0.75. 
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Figure 7 Comparison between temperature dependence of calcu- 
lated and experimental ASM in an effective magnetic field of 7 T with 
x = 0.5. ( - - )  experimental results, ( - - - )  calculated results. 

below 15 K and smaller above 15 K. Generally, for 
ferromagnetic materials, the experimental AS M value 
tends to be larger than the calculated one in the higher 
temperature range above the magnetic transition tem- 
perature [9]. In the case of the antiferromagnetic 
material, DGGG, the same tendency is seen below 
15 K. On the other hand, the smaller values above 
15 K are mainly due to the excited state doublet {i~ Dy 
compounds. Strictly speaking, it may decrease accur- 
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Figure 8 Relation between temperature drop, AT, measured by 
adiabatic demagnetization experiment, and starting temperature, T, 
m various effective magnetic fields, H, with X = 0.25. 

acy to use the one molecular field theory for substitu- 
tion-type solid solutions, because microscopic 
randomness of magnetic interaction between local 
spins increases with increasing substitution content. 
However, the average one molecular field theory can- 
not give the main difference between the calculation 
and the experiment for DGGG. Of course, the differ- 
ence cannot be caused by the concentration deviation 
in the crystal, because the deviation is small, by chem- 
ical analysis [5]. However, the Weiss molecular field 
theory is useful to evaluate the magnetic entropy for 
rare-earth garnet solid solutions, such as D G G G  
single crystals. 

From the point of view of application to magnetic 
refrigeration, these materials are useful in that they 
have a large magnetic entropy change, ASM, which can 
be controlled by the amount of substitution of Gd for 
Dy. Fig. 8 shows the relation between the temperature 
drop, AT, which is measured by the adiabatic de- 
magnetization experiment from various magnetic 
fields, and the starting temperature, T, with x = 0.5. 
Similar relations are obtained with x = 0.25 and 0.75. 
These curves show that the D G G G  single crystals 
have a large magneto-thermal effect. Therefore, 
D G G G  single crystals are the promising magnetic 
material for magnetic refrigeration below 15 K. 

In order to draw the exact entropy-temperature 
curves, which are necessary to design the magnetic 
refrigeration cycle, the magnetic entropy must be de- 
termined in zero magnetic field which is evaluated 
from measurement of a specific heat capacity [4]. In 
the near future, the specific heat capacity for D G G G  
single crystals will be measured. 

5. C o n c l u s i o n s  
The magnetic properties of D G G G  single crystals are 
distributed between those of DGG and GGG, being 
considerably closer to those of DGG. For the mag- 
netic entropy change, ASM, both the calculated values 
using the Weiss molecular field theory and the experi- 
mental ones, show a similar tendency, but the absolute 
values are larger in the experiment than in the calcu- 
lation in the temperature range below 15 K, and 
smaller above 15 K. 



Based on the magnetic properties, D G G G  single 
crystals are a prospective material for magnetic re- 
frigeration, to generate liquid He or superfluid He 
from the He gas at a temperature below 15 K. 
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