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Comprehensive magnetic and structural studies of the yttrium-samarium iron garnets 
Sm,Y, - , Fe50,, ( 0 . 2 7 ~ ~ ~ 3 )  are carried out. An orientational (x, T )  phase diagram is plotted and 
indicates that when the temperature is lowered the sequence (1 1 l)*( 110)- (uvO) of spin- 
reorientation phase transitions observed in ferrites having x > x,, ~ 0 . 1  is the same as in the 
samarium iron garnet Sm3Fe5012, the transition temperature decreasing rapidly with increase of 
the diamagnetic dilution. Only easy directions of the (1 11) type occur at 1.7 K < T <  TN in 
ferrites withx <x,, . The orientational phase diagram of the ferrites Sm, Y, - , Fe5012 is theoreti- 
cally calculated in the crystal-field approximation. The calculation has shown that all the singu- 
larities of the diagram, as well as the observed reversal of the sign of the anisotropy constant K, 
with change of the concentration x can be attributed to the concentration dependence of only one 
of the nine crystal-field parameters B,, , namely B,,. 

Besides the well first-order spin-reorien- 
tation (SR) phase transition ( 1 1 l)*( 1 10) at T, = 66 K in 
samarium iron garnet (IG) Sm,Fe,O,,, there was recently 
observed and investigated3v4 a second-order SR at T,, = 18- 
19 K. In this transition the direction of the easy magnetiza- 
tion rotates away from the ( 110) direction in ( 100) planes, 
so that 24 degenerate canted phases of the (uvO) type are 
produced in Sm,Fe5012 below T,, . Both SR phase transi- 
tions were explained in Ref. 4 within the framework of a 
single model based on the hypothesis that the Sm3+ ions in 
the garnet structure have an Ising magnetic ordering. Re- 
cently5 the SR diagram of Sm3Fe5012 was also described 
microscopically in the one-ion approximation with account 
taken of the crystal field and of the isotropic interaction 
between a rare earth and iron. 

It was observed earlier6 that in mixed yttrium-samar- 
ium IG SmXY3~,Fe5Ol2 the temperature T,, of the 
(1 1 l ) e (  110) SR transition shifts towards lower tempera- 
tures with increasing yttrium content, and that this transi- 
tion does not occur in compositions with XG 1.05. The low- 
temperature SR transitions ( 1 lO)ct(uvO) in mixed 
yttrium-samarium IG have not been investigated before. 

We report here comprehensive magnetic, magneto-op- 
tical, and structural investigations of single-crystal samples 
of yttrium-samarium IG Sm, Y, _, Fe50,, (x = 0.27; 0.5 1; 
1.05; 1.57; 2.17; 2.5; 3), aimed at constructing the magnetic 
SR phase diagram of these ferrimagnets. 

The spin-reorientation temperatures T,, and T, were 
determined from the maxima on the temperature depen- 
dence of the initial magnetic susceptibility (the measure- 
ments were made at the frequencies 220 Hz and 20 kHz) and 
from the torque curves. The torque method was used also to 
.determine the orientation of the easy magnetization axis 
(EMA). The measurements were made in the temperature 
range 1.7-77 K. 

To determine the character of the low-temperature SR 
transition we investigated by x-ray diffraction the crystal 
structure of Sm3Fe5Ol2 in the temperature interval 5.5-30 
K. In addition, in the interval 4.2-80 K we measured the 

magnetization, the magnetostriction, and the Faraday effect 
in pulsed magnetic fields up to 270 kOe along the crystallo- 
graphic axes ( 1 1 1 ) , ( 1 lo), and ( loo), and were thus able to 
determine the saturation fields along these directions. The 
procedures employed are described in Refs. 7-12. 

The measurements were made on Sm, Y, - , Fe5012 sin- 
gle crystals grown by crystallization from the molten solu- 
tion. The samples were oriented by the x-ray and and mag- 
netic methods accurate to 1-3". Figure 1 shows the (x, T )  
phase diagram of the IG Sm,Y, -, Fe5012, obtained from 
our measurements in a zero magnetic field. At high tempera- 
tures, in the entire range OGXG~,  there were realized ( 11 1) 
phases in which the easy magnetization directions coincided 
with axes of the (1 11) type. 

Lowering the temperature leads, in compositions with 
large samarium contents, to a first order SR transition 
( 11 1 ) o (  1 lo), where the directions of the easy magnetiza- 
tion are now axes of the (1 10) type. The temperature T, of 
the SR transition decreases with decreasing samarium con- 
tent, and this transition is not observed at x 5 1.05. Our val- 
ues of T,, agree well with the data of Ref. 6. 

FIG. 1.  Experimental spin-reorientation phase diagram of iron garnets of 
the Sm,Y, -,Fe,O,, system. The temperatures T,, ( x )  and T,  ( x )  of the 
spontaneous phase transitions were determined from the maxima of the 
initial magnetic susceptibility. The phase-transition lines for x  < 1.57 are 
extrapolated. 
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FIG. 2. Temperature dependence of the angle g, that determines the orien- 
tation of the magnetization vector M in the canted phases (uuO) of iron 
garnets of the Sm,Y, ~,Fe,O,,  system at various samarium concentra- 
tions:l-x = 1.57; 2-2.1; 3-2.5; 4-3. The data were obtained by the 
torque method. The arrows indicate the transition temperatures T,, de- 
termined from the maxima of the initial magnetic susceptibility. 

With further lowering of the temperature, in composi- 
tions with ~ 2 1 . 5 7 ,  a second SR transition of type 
(1 10)-(uv0) is observed: at the temperature T,, the easy- 
magnetization direction is rotated away from the ( 1 10) axes 
in the ( 100) planes. The orientation of the magnetization in 
the (uvO) phases can be characterized by the angle p ( T )  
between the magnetization vector and the (100) axis. As 
seen from Fig. 2, this angle is 45" in the (1 10) phase and 
decreases smoothly as the temperature drops below Trl , but 
the angle cp is not equal to zero at 0 K. 

The conclusion that a transition from the (1 10) to the 
(uvO) phase takes place in Sm3Fe5012 at low temperatures is 
confirmed by x-ray measurements. It follows from symme- 
try considerations that owing to the magnetoelastic strains 
the cubic crystal structure of Sm3Fe,012 and of mixed yt- 
trium-samarium IG should become distorted. These distor- 
tions are rhombohedra1 (space group R jm) in the (1 11) 
phase, rhombic (space group Immm) in the (110) phase), 
and monoclinic (space group C 2/m) in the (uvO) phase. X- 
ray measurements have shown that in Sm,Fe,Ol2 the type of 
the cubic-crystal structure distortions changes below 20 K 
from rhombic to monoclinic. The monoclinic distortions in- 
crease smoothly as the temperature is decreased to below the 

SR transition point. This, as well as the aforementioned 
smooth variation of the angle p with temperature (see Fig. 2), 
indicates that the (1 lO)++(uvO) phase transition is of sec- 
ond order.'' 

The SR phase transition (1 10)-(uvo), as well as the 
transition ( 1 1 1 ) tt ( 1 10) ,is not observed in samples having 
xG1.05. Extrapolation of the line of the this transition on 
Fig. 1 to T = 0 K shows that the critical density concentra- 
tion x,, of the samarium is 1.1. The value of x,, was deter- 
mined by us approximately, and to refine it, as well as to 
reveal the singularities of the phase diagram near x,, , inves- 
tigations of the compositions near the critical concentrations 
are necessary. These investigations can show whether the 
transitions ( 1 1 1 )++( 1 10) and ( 1 10)-(uv0) vanish at the 
same concentration or whether there exists a range of com- 
positions in which the transition (1 1 1)-(uuO) is realized 
(see below). 

It can be seen from Fig. 2 that the limiting, extrapolated 
to 0 K, angle of deviation of the easy-magnetization direc- 
tion decreases with increasing samarium content, from p (0 
K) = 38" to p (0 K) = 31" at x = 3. The dependence of p(0) 
K) on the concentration x will also permit z,, to be deter- 
mined by extrapolation to p = 45". The value of x,, deter- 
mined in this manner is in the range 1.1-1.3. 

The saturation fields of the IG Sm,Y, -,Fe5012 along 
the crystallographic directions ( 1 1 I) ,  ( 1 lo), and ( 100) 
were measured in that temperature interval in which these 
directions are not EMA. It was observed that they increase 
rapidly with decreasing temperature, and we were able to 
achieve saturation in fields up to 270 kOe for compositions 
with x22.5 at T< T, . 

The magnetic anisotropy constants K, and K, were de- 
termined from the experimental values of the saturation 
fields by means of formulas given, e.g., in Ref. 13. Figure 3 
shows the values of K, and K2 as functions of the tempera- 
ture. It can be seem from this figure that when the tempera- 
ture is lowered the absolute values of K, and K2 increases 
steeply. K, < 0 for all the investigated concentrations, while 
K2 reverses sign near x 1 .5 (Fig. 3). This phenomenon was 
observed earlier14 at higher temperatures. We note that the 
cited values of K, and K, at low temperatures ( T z  Tr2 ) must 
be regarded only as effective ones. The reason is that they 

FIG. 3. Tem~erature de~endences of the anisotro~v con- . . 
stantsK, andK, (b)ofirongarnetsofthe Sm,Y3-,Fe,O,, 
system at different Sm concentrations: 1-x = 0.27; 2- 
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were calculated in an approximation with two anisotropy 
constants, whereas, as shown in Ref. 13, the transition 
( 1 lO)*(uvO) can be described phenomenologically only by 
taking into account, in the magnetic-anisotropy energy, in- 
teractions of eight order in the direction cosines of the mag- 
netization vector (third magnetic-anisotropy constant), and 
this interaction should be appreciable (K, <O; K2, K3 > 0; 
Kl/K3) - 0.5; K2/K3)2). Moreover, it was noted in Ref. 4 
that for most rare-earth IG it is incorrect to represent the 
magnetic-anisotropy energy as an additive part of the free 
energy, for in these ferrimagnets the isotropic exchange in- 
teraction between the rare-earth (RE) ions and the iron ions 
is weaker than their interaction with lattice crystal field that 
determines the magnetic anisotropy. For example, the mod- 
el with Ising ordering of the sm3+ ions, proposed in Ref. 4 to 
describe the SR transitions in the IG Sm3Fe5012, admits of 
separation of the one-ion magnetic-anisotropy energy as an 
additive increment to the exchange energy only under the 
condition p,, H,,, /kTg 1 (H,,, is the molecular field act- 
ing on the rare-earth sublattice), i.e., at temperatures on the 
order of 10-100 K. 

In the theoretical description of the properties of the 
samarium IG, both in the Ising approximation4 and in the 
microscopic treatment,5 two mechanisms were taken into 
account: the RE-iron isotropic exchange and the one-ion 
anisotropic interaction of the rare earth with the crystal lat- 
tice field. Both interactions are proportional to the number 
of Sm3+ ions, i.e., they are independent of the concentration 
when referred to one ion in the mixed IG Sm,Y3 -, Fe5012. 
Therefore, it it is assumed that the exchange interaction and 
the crystal-field parameters in Sm,Y3-,Fe,012 do not 
change when the samarium is replaced by yttrium, the ener- 
gy (per Sm3+ ion) is independent of the samarium constant, 
so that the temperatrues Trl and T ,  of the SR transitions 
should be independent of the samarium concentration (at 
any rate up to concentrations at which the anisotropy of the 
iron sublattice becomes comparable with that of the diluted 
samarium sublattice, x -0.01. 

To explain the strong samarium-concentration depen- 
dence of the temperatures Trl and T ,  observed experimen- 
tally in Sm,Y3-,Fe5012 it is necessary to take into account 
the concentration dependence of the crystal-field param- 
eters. The RE ion in the garnet structure is in a dodecahedra1 
surround of 0,- ions, and the crystal field acting on this ion 
is determined by the parameters of this dodecahedron. 
When one RE ion is replaced by another (or by yttrium) 
having a different ion radius, the surround is deformed so 
that the crystal-field parameter is changed. There is practi- 
cally no information in the literature on how the parameter 
of the crystal field acting on the rare-earth ion changes on 
going from one matrix with garnet structure to another. The 
data of Ref. 15 for Nd3+ in various garnets show that out of 
the nine crystal-field parameters Bk, the most strongly de- 
pendent on the matrix is B,,: on going from one paramagnet- 
ic garnet to another this parameter changes not only in mag- 
nitude but also in sign. We have assumed that a similar 
phenomenon occurs also in Sm, Y3 - , Fe5012 garnets, viz., 
the parameters Bkq change with changing samarium con- 

centration, and calculated the changes of the samarium IG  
properties with changing B,,. 

The Hamiltonian of the Sm3+ ion was chosen in the 
form 

= B&*+gspBHes. (1) 
4 

The first term describes the interaction with the crystal field 
(Bkq are the crystal-field parameters, C are irreducible ten- 
sor operators expressed in terms of combinations of spheri- 
cal harmonics16' and the second describes the interaction of 
the spin S of the Sm3+ ion with the isotropic exchange field 
Hex due to surrounding iron ions. Starting from the Hamil- 
tonian (1) we calculated the wave functions and energy levels 
of Sm3+ with account taken of the three lower multiplets 
4F,,2, 4F7,2, and 4F,,2. From these we determined next the 
free energy of the garnet at various temperatures (summing 
in this case over the six nonequivalent positions of the RE 
ions in the garnet structure). The calculations were per- 
formed for different orientations of He, in the crystal, and 
the direction for which the free energy is a minimum (the 
EMA) was found. The calculation procedure is described in 
greater detail in Ref. 5. In the calculation we varied the crys- 
tal-field parameter B2, and chose the remaining Bkq and Hex 
to be equal to those used to describe the phase diagram of the 
IG Sm3Fe5OI2 in Ref. 5, viz., B2, = 181, B4, = - 2250, 
B4, = 242, B4, = 1009, B,, = 870, B,, = - 17 1, 
B, = 1297, B,, = - 170 cm-', pB H,, /k = 29 K. 

Figure 4 shows the variation of the magnetic phase dia- 
gram with changing B,,. It can be seen that when JB,,I de- 
creases from the value of Sm3Fe5012 (B,, = - 17 1 cm- ') 
the temperatures Tr, of the ( 1 1 l)*( 110) transitions and 
Tr2 of the (llO)*(uvO) transitions decrease and at 
lBzol (97 cm-' the phase that is stable in the entire tempera- 
ture range is ( 1 1 1). This phase diagram is qualitatively simi- 
lar to the experimental phase diagram of Sm, Y ,  -, Fe5012 
(see Fig. 1). To compare them it is necessary only to assume 
that B2, depends linearly on the samarium concentration in 
Sm, Y, -, Fe5012 (the upper abscissa scale of Fig. 4). Theo- 
retical calculations show that in the model considered the 

FIG. 4. Theoretical spin-reorientation phase diagram of iron garnets of 
the system Sm,Y, _ ,Fe,O,,. 
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anisotropy constant K2 reverses sign near the critical con- 
centration x,,; this also agrees with the experimental data 
(see Fig. 3). 

The theoretical analysis has thus confirmed the hypoth- 
esis that the variation of the properties of Sm, Y3 _,Fe,O,, 
with changing concentration is due to changes of the crystal- 
field parameters. Moreover, our estimates show that the 
principal role is played by the change of the crystal-field 
parameter B,,, while the changes of the other parameters 
affect the properties much less. From our viewpoint this is 
most important, since we have succeeded in identifying the 
most important of the nine parameters B,,, namely B,,, 
which determines in fact the evolution of the properties of 
SmxY3_xFe50,2. 

We emphasize that at present there is no theory capable 
of connecting the change of the parameter Bz0 with the 
change of the SmXY3~,Fe5Ol2 crystal structure. In this 
sense, too, the foregoing theoretical treatment is semi-em- 
pirical. It can only be stated that replacement of the Sm3+ 
ions, which have a large ion r a d i ~ s , ~ '  with Y3+ ions with 
relatively small radius can alter greatly the parameters of the 
dodecahedral surround and hence change B,, significantly. 

We note that near the critical concentration x,, there is 
a certain qualitative difference between the theoretical and 
experimental phase diagrams: the theoretical diagram is 
shifted upward, as it were, so that the line of the first-order 
(1 1 l)tt(uvO) SR transition appear, with x',, =: 1.05. This 
transition cannot occur in a phenomenological treatment 
with allowance for the three anisotropy constants K,, K,, 
and K3 (Ref. 13). Better agreement can apparently be 
reached by varying somewhat the calculation parameters 
(say, the value of the exchange). It seems to us, however, that 
this is unnecessary, since the model is a crude one. In parti- 
cular, it neglects the important fact that mixed yttrium-sa- 
marium IG cannot be regarded as homogeneous systems: the 
parameters of the dodecahedral surround at the places occu- 
pied by samarium differ from those at the places occupied by 
yttrium. In addition, no account in taken in the calculation 
of the anisotropic RE-iron exchange. This may explain why 
the theoretical limiting angles p(0 K) for all x > 1.2 change 
insignificantly (by 1-2 deg), whereas experiment shows them 
to decrease by 7" when x is increased from 1.57 to 3. 

In conclusion, we compare the Sm,Fe,O,, properties 
calculated in Ref. 5 with the hypothesis of Ising ordering in 
this ferrimagnet, proposed in Ref. 4. According to this hy- 
pothesis the energy ground state of the Sm3+ ion in the crys- 

tal field is a doublet greatly separated in energy from the 
lower-lying levels, and the wave functions of this doublet are 
such that only one x component of the g tensor differs from 
zero. A calculation of the energy levels and of theg factors of 
Sm3+ using the crystal-field parameters of Ref. 5 has shown 
that theg factors of the ground doublet of Sm3+ in the garnet 
areg, =0.842,gy =0.013,gz =0.075,i.e.,g,,gy,gz. The 
hypothesis that the Sm3+ ions in the Sm IG have an Ising 
order is consequently confirmed by the microscopic calcula- 
tion in the crystal-field approximation. 
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