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Single crystals growth and magneto-thermal 
properties of Dy3GasO 2 garnet 

HIDEO KIMURA,  HIROSHI MAEDA, MITSUNORI  SATO 
National Research Institute for Metals, Tsukuba, Ibaraki 305, Japan 

Single crystals of DYaGasO12 garnet have been grown by the Czochralski method and the 
anisotropy of magnetic entropy evaluated for use as a magnetic material for a magnetic 
refrigeration in place of Gd3GasO12 single crystals. As the size of the single crystal is large 
enough, and the anistropy is small, this crystal is suited to use for magnetic refrigeration in the 
temperature range of 1.8 to 15 K. 

1. I n t r o d u c t i o n  
In recent years, low temperature refrigeration tech- 
niques have progressed well. Particularly, magnetic 
refrigeration has been noted as a new refrigeration 
system, producing liquid helium or superfluid helium 
in a lower temperature range than 20 K, due to its high 
efficiency compared with gas refrigeration [1]. Mag- 
netic materials for magnetic refrigeration must possess 
the following characteristics: a large magnetic entropy, 
a low magnetic phase transition temperature, a small 
heat capacity, a high thermal conductivity and a high 
electrical resistivity [1]. Some magnetic materials 
which satisfy these conditions could be single crystals 
of antiferromagnetic rare earth garnets such as 
Gd3GasO~2 (GGG), Dy3A150~2 (DAG), Dy3GasO~2 
(DGG) and Gd3(Ga~_xAlx)5012 (x = 0.1 to 0.4) 
(GAGG) [1]. Until now, GGG single crystals have 
been used for magnetic materials in the temperature 
range of 1.8 to 15 K, as GGG has a large magnetic 
entropy due to its large total angular momentum, and 
moreover large size single crystals of high quality are 
produced as substrate materials for magnetic bubble 
memory devices [2-4]. However, the magnetic entropy 
change of GGG single crystals become so small above 
15 K that it is difficult to raise the starting tempera- 
ture of magnetic refrigeration. On the other hand 
the garnet single crystals including Dy still have a 
large magnetic entropy above 15K. This is mainly 
caused by the large g-factor (spectroscopic splitting 
factor) different from the large total angular momen- 
tum for GGG, so the magnetic entropy change of 
Dy-garnet single crystals is still large above 15K. 
Dy-garnet single crystals are, therefore, expected to 
be able to raise the starting temperature of mag- 
netic refrigeration. As the magnetization of Dy-garnet 
single crystals is affected by an anisotropic crystal 
field, it is important to evaluate the anisotropy of 
the magnetic entropy as well as magnetization. The 
most important matter is to grow the large size single 
crystals suitable for magnetic refrigeration. Tomokiyo 
et al. have reported the entropy of Dy 3 Gas O~2, one of 
the Dy-garnets [5]. They evaluate the entropy in mag- 
netic fields less than 5 Tesla (T) using only the small 
size single crystal and take no account of the effect 

of the magnetization anisotropy caused by the aniso- 
tropic crystal field. 

In the present work, we have grown the large 
size single crystals of Dy3GasO~2 garnet using the 
Czochralski method, and evaluate some characteristics 
necessary to magnetic refrigeration on the bases of the 
magnetization and the adiabatic demagnetization 
measurements. 

2. Experimental procedure 
2.1. Crystal growth 
Single crystals of Dy3GasOI2 garnet (DGG) were 
grown by the Czochralski method in an iridium cru- 
cible of 47mm in diameter and 48.5mm in height, 
using RF power supply. The starting materials were 
Dy203 (Research Chemicals, USA) and Ga203 
(Rhone Poulenc, France) powders, having 99.99% 
purity. The oxides were heated to eliminate moisture 
prior to mixing. The mixed powders, having 1 wt % 
higher Ga203 concentration than stoichiometry to 
compensate for gallium loss during the crystal growth, 
were pressed'and sintered at 1473 K in air for 24 h. The 
sintered sample became stoichiometric Dy3GasO~2 
garnet. A typical charge for a run was 430g. The 
pulling rate was 4 mm h ~ and rotation rates were 20 
and 40 r.p.m. In these rotation rates, the solid-liquid 
interface was almost convex toward the melt. All crys- 
tals were grown in a N2 atmosphere containing 2% 02. 
The gas flow rate was 700 ml min 1 to depress the 
evaporation of Ga203. The growing direction was 
(1 1 1). The seed material was Gd3(Alo.2Ga0.8)5012 
single crystals [6]. The diameter of these crystals were 
controlled by a weighing method. 

2.2. Magnetization and adiabatic 
demagnetization measurement 

Samples for the magnetization measurements were 
prepared from grown single crystals. The shape was 
spherical and the diameter was ~ 2mm. The mag- 
netization measurements along the three crystal direc- 
tions o f ( l  1 1), (1 10) and (1 00),  were performed 
for the temperature range from 4.2 to 40 K and for 
the applied magnetic field range from 0 to 7 T using 
a vibrating sample magnetometer. The magnetic 
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susceptibility was deduced from the magnetization 
measurement in a weak applied field less than 1 T. The 
temperature of the sample was measured using an 
Ag-Au + 0.07% Fe thermocouple contacting with it. 

Furthermore, from the magnetization values M, the 
magnetic entropy changes ASM were obtained by 
Equation 1: 

ASM = I~ dH (1) 

where T is temperature and H is an effective magnetic 
field. 

For the adiabatic demagnetization measurement, a 
sample of cylindrical shape was prepared, weighing 

30 g. The measurement was performed for the tem- 
perature range from 7 to 30 K and for the applied field 
range from 0 to 6 T. The temperature of the sample 
was adjusted by supplying the heat power through a 
manganine wire wound noninductively around the 
sample side, then the adiabatic temperature drop was 
measured when the applied field was removed. The 
temperature was measured using a carbon giass resis- 
tance temperature sensor (CGR) inserting a hole of 
sample centre which was drilled subsonically. 

3. Results and discussion 
3.1. Crystal growth 
Fig. 1 shows one of the grown Dy3GasO12 (DGG) 
garnet single crystals. The crystal is yellow and trans- 
parent, and its size is about 20 mm in diameter and 
30 mm in length. The X-ray powder diffraction shows 
that the crystal has single phase of garnet and its 
lattice parameter is 1.2321 nm. 

According to a cross-polarized light image for a 
wafer of DGG single crystal cut parallel to the (1 1 1 > 
growth direction, it can be observed that the change 
of the solid-liquid interface shapes from convex to 
concave toward the melt. The interface shape tran- 
sition occurs when the rotation rate is 40 r.p.m, and 
the diameter is 19 mm. This condition is in agreement 
with that of Gd3GasO12 (GGG) single crystals [7]. 
Similar interface transition has been reported for 
GGG, Y3AlsO12 (YAG) and Dy3A15012 (DAG) 
[7-10]. In DGG single crystals, the weak convex of the 

Figure 1 A grown crystal of Dy3GasO12 garnet. 

interface can be observed before the transition in the 
same manner as DAG single crystals [10], and the 
strong concave after the transition. Therefore, the 
DGG single crystals generally grow without facet in 
the convex grown region. However ,  the faceting 
growth is occasionally observed when the rotation 
rate is 20r.p.m. The weak convex may be a special 
characteristic of Dy-garnet single crystals. In the 
convex grown region, the single crystals tend to grow 
spirally as shown in Fig. 1, so it is difficult to keep a 
shape of constant diameter. Some causes of this spiral 
growth are suggested [11], but are still uncertain. In 
this case, the weight fraction of solid is only 0.23 
before the spiral growth. The strong concave of the 
interface shape after its transition and the spiral 
growth, enhance the difficulty of growing large size 
DGG single crystals more than 20 mm in diameter and 
30 mm in length, even when the automatic diameter 
control system is used. 

3.2. Magnetization and adiabatic 
demagnetization measurement 

Fig. 2 shows the relation between the magnetiz- 
ation, M and the effective field, H along the { 1 1 1) 
direction. Similar relations are obtained along the 
( 1 1 0> and { 1 0 0> directions. The anisotropy of mag- 
netization is very weak: the maximum difference in 
those magnetizations is only about 5% at 4.2 K and 
7T. In the temperature range below 10K, the mag- 
netization tends to saturate above 5 T. This tendency 
is not observed in Gd-garnet single crystals [1]. 

Fig. 3 shows the dependence of the product of the 
magnetic susceptibility and temperature )~m T on tem- 
perature T. In the temperature range below 10 K, the 
values of z~T decrease linearly with decreasing 
temperature in accordance with the Curie-Weiss law. 
However, the values tend to deviate from the Curie- 
Weiss law above 10K, affected by the excited state 
doublet near 30K [10]. Table I shows magnetic 
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Figure 2 Relation between magnetization, M and effective magnetic 
field, HofDy3GasO12 garnet. TemperatureT = 4.2, 1.1, 12.8, 16.6, 
21.0, 27.0, 30.2, 35.1 and 40.6 (K, reading from top to bottom). 
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Figure 3 Relation between the product of magnetic molar suscep- 
tibility and temperature ;G T, and temperature Tin the three crystal- 
line axes for Dy3OasO u garnet. (a) (1 1 1), (b) (1 1 0), (c) (1 00). 

properties such as Curie-Weiss constant Cm, para- 
magnetic Curie temperature 0p, Van-Vleck contri- 
bution c~, magnetic moment p and g-factor along the 
three crystalline axes on the ground state doublet. 
These values are determined from the ;(m T - T  curves 
below 10K in Fig. 3, according to Equation 2: 

Cm 
~ m  = - -  "Jr- ~ ( 2 )  

T +  0p 

In these values, a small anisotropy can be obtained as 
pointed out by Fillipi et al. [12]. The maximum value 
of g-factor is 8.5 at (1 1 0) direction and the minimum 
value is 8.0 at (1 1 1) direction. The difference of 
g-factor is about 6%, which is smaller than 40% of 
DAG single crystals [13]. 

Fig. 4 shows the relation between the magnetic 
entropy change ASM and temperature T in various 
effective magnetic fields along the (1 1 1) direction. 
These values are obtained using the data in Fig. 2 and 
Equation 1. The same relations are also obtained 
along the (1 1 0) and (1 0 0) directions. These results 
mean that the effect of the crystal field can be negli- 
gible in the D G G  single crystal. Namely, when the 
DGG single crystal is used for the magnetic material 
of magnetic refrigeration, its refrigeration efficiency 
can be the same with respect to the crystal direction. 
In Fig. 4, the solid curves show the result of calcu- 
lations using the Weiss molecular field theory when 
the g-factor is 13 and the total angular momentum is 
0.5 [1]. This large g-factor is affected by the excited 
state doublet. The measured values are in good agree- 
ment with the calculated ones. 
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Figure 4 Relation between magnetic entropy change AS M and 
temperature T in various effective magnetic fields H obtained from 
the M-H curves in Fig. 2. Solid curves show the calculation using 
the Weiss molecular field theory. O, 3T; v, 4T; 0, 5T; ix, 6T; O, 
7T. 

Fig. 5 shows the relation between the total entropy 
S and temperature T. The total entropy S is rep- 
resented by Equation 3 

S = SM + SL (3) 

where SM is the magnetic entropy and S L is the lattice 
entropy. Furthermore, SM can be separated into 
two entropies such as SM0 and ASM, as shown in 
Equation 4: 

SM = SM n + ASM (4) 

where SM0 is the magnetic entropy in zero magnetic 
field and ASM is the change of SM when the magnetic 
field is applied. The sum of SM0 and SL can be cal- 
culated from the specific heat in zero magnetic field 
Co. In Fig. 5, the total entropy curve at 0 T is obtained 
from the data of the specific heat Tomokiyo et al. [5] 
using Equation 5 

Co 
+ SL = I ( - T d T  (5) &0 

The total entropy S, when a magnetic field is applied, 
is determined by the subtraction of the magnetic 
entropy change ASM from the S -  Tcurve at 0 T. These 
entropy curves are in agreement with the data of 
Tomokiyo et al. [5] in a magnetic field less than 5 T. 

Fig. 6 shows the ideal Carnot cycles in a magnetic 
field of 6T when DGG and G G G  [13] single crystals 
are used for magnetic materials. Dotted lines show the 
cycle operated for the temperature range from 4.2 to 

T A B L E  I Curie constant Cm, Van Vleck contribution e, paramagnetic Curie temperature 0p, magnetic moment p and g-factor of 
Dy3GasO~2 single crystal in various crystal directions 

Cm(Kcm 3 moi -~) 0p(K) ~ (cm 3 mol i) P (#B) g 

(1 1 1) 6.05 0.33 0.42 7.0 8.0 
(1 1 0) 6.79 0.23 0.37 7.4 8.5 
( 1 0 0 )  6.66 0.21 0.40 7.3 8.4 
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Figure 5 Relation between entropy, S and temperature, Tin various 
effective magnetic fields, H obtained from the values of ASM in 
Fig. 4. 
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15K, and dashed lines from 1.8 to 15K. In the tem- 
perature range of 4.2 to 15 K, the DGG single crystal 
is inferior to the GGG single crystal because the work 
of the Carnot cycle is small. In the temperature range 
of 1.8 to 15K, on the other hand, the DGG single 
crystal is slightly superior to the GGG single crystal. 
Therefore, the DGG single crystal is better than the 
GGG crystal for magnetic refrigeration, producing 
superfluid helium from 15 K. 

Fig. 7 shows the relation between the temperature 
drop AT, measured by the adiabatic demagnetization 
experiment, and starting temperature T in various 
effective magnetic fields. Solid curves are calculated 
from the S-Tcurves as shown in Fig. 5. The measured 
values are in good agreement with the calculated 
curves. 
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Figure 6 The Carnot cycles of Dy3GasO~2 and Gd3GasOl2 garnet 
single crystals when the magnetic field is 6 T. The dotted line is the 
4.2 to 15 K temperature region and the dashed line is the 1.8 to 15 K 
temperature region. 

for magnetic refrigeration. From the results of the 
magnetization along the (111) ,  ( 1 1 0 )  and ( 1 0 0 )  
crystal directions, a small anisotropy in magnetization 
caused by the crystal field is observed. However, there 
is no problem in using the magnetic materials for 
magnetic refrigeration. From the results of the S - T  
curves. Dy 3 Gas O12 single crystal is suited for magnetic 
refrigeration in the temperature range from 1.8 to 
15K. 
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4. Conclusion 
Dy3GasO12 garnet single crystals can be grown by 
the Czochralski method. These crystals tend to grow 
spirally, however their sizes are large enough to use 
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