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Magnetic vacancies, ordering, and properties of bismuth-substituted 
rare-earth ferrite garnets 
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Thermodynamic analysis of the garnet formation processes and crystal chemical simula- 
tion of the filling of a gament crystal lattice with cations were used to identify the types of 
defects and to estimate their numbers and contributions to the magnetic properties of 
bismuth-substituted rare-earth scandium-containing ferrogallogarnets. The effective mag- 
netic moments of the garnets were calculated with allowance for the HS- and LS-states of 
paramagnetic ions. A classification of crystal defects was proposed. Principles and postulates 
suitable for any multisublattice and multicomponent crystals were formulated. 
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Rare-earth ferrite garnets R3FesO12 (RFG) are widely 
used as elements of  magnet ic-opt ica l  devices, in which 
information recording,  read-out ,  and storage are accom- 
plished using single-crystal  films with cylindrical mag- 
netic domains.  1 

Bismuth-substituted R F G  are more promising materi- 
als for magnetic optics thaaa basic RFG. At present, the 
garnet Bi3Fe5Ot2 (BIG)  is attracting enhanced attention; 
this material has been synthesized as a film but has not 
been obtained as bulk ceramics. Independent estimation of 
the trait cell dimensions for BIG and the valence and 
magnetic states of the cations is a challenge for crystallog- 
raphy; so are the related problems of isomorphous substi- 
tution in BIG, RFG,  or solid solutions based on them. In 
this work, we are at tempting to solve this problem. 

The basic principles and postulates 

The crystals  o f  l an than ide  iron oxides 
{R3}vlll[Fe3+2lvl(Fe3+3)ivOl2 belong to the space group 
la3d (Ohi~ corresponding to a garnet structure with 
unit cell dimensions of  1 .26-- t .22 nm and tho Neel 
temperature T N = 587--548 K or the compensation 
temperature  Too m ranging from 5-K (Yb) to286  K (Gd) 
and 226 K (Dy). ! All these compounds are ferrimagnetics. 
In order  to control Too m and to match the dimensions of 
the crystal lattices of  the substrate (as) to the crystal 
lattice dimensions of  an epitaxially grown RFG-based 
garnet film (av), the lat ter  are doped by double-, triple-, 
and higher-charged cations.  The problems of the epi- 
taxial growth of  garnets  on various substrates and iso- 
morphous  substitution in oxide garnets by various cat- 
ions into positions 24c, 16a, and 24d of oxide garnets 

have been discussed comprehensively and solved in pre-  
vious publications, z-4  It is known t that minor  replace- 
merits of  [Fe3+]vt in films by nonmagnet ic  ions, Ga  3+, 
AI 3+, and Sc 3+, increase the to ta l  magnetization (/14) of  
the  garnet ,  whereas s i m i l a r  subs t i tu t ion  in the  
tetrapositions decreases this value. Moreover,  pre-ar -  
ranged introduction of  "magnet ic  holes," i.e., nonmag-  
netic ions, into the garnet uni t  cell markedly changes 
the strongest exchange interact ions,  Jad, Jaa, and Jdd- 
These changes lead to a decrease  or increase in Tc, T N, 
and Too m and affect the cons tant  of uniaxial growth 
anisotropy, the coercive force Hc,  and the mobil i ty  of  
domains;  they influence the Faraday  and Kerr effects in 
the films, etc. Magnetic holes in polycrystalline R F G  
decrease their symmetry and change substantially the 
unit cell dimensions and magnet ic  ordering of  the gar- 
net. The latter normally decreases  not only due to the 
dilution of magnetic ions by nonmagnet ic  ions but often 
also due to a change in the magnetic state of  these 
cations. It follows from Table l that transit ion of  the 

Fe 2+ and Fe 3+ ions from the high-spin (HS: 1"1 q'? ) into 
3cl5 

the low-spin ( IS:  1'~,?~ ) state alters substantially their  
size and magnetic characteris t ics  and results apparent ly 
in pronounced changes in the  a and M values of  the 
garnet  crystal without changing  its chemical  composi -  
tion. Hence, the physicochemical  problem of  determi-  
nation of  the valence states o f  the ions forming the 
garnet structure supplemented by  a crystallographic prob- 
lem, i.e., determination of  the location and the number  
of cations in c-, a-, and d sites, becomes complicated by 
the physical problem of ident i l ]cat ion of the HS and LS 
states of  magnetic ions. In o rde r  to solve this experi-  
mental problem, which canno t  be solved by X-ray dif- 
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Table 1. Effective Shannon s ionic radH (ri/nm) and mag- 
netic moments P-i (P'B) of the Fe2+and Fe 3+ cations lo- 
cated in positions 16a and 24d and occurring in the HS or 
LS states 

State Fe 3+ [Fe2§ 
octahedral tetrahedral 

sites sites 

ri gi ri I~i ri gi 

HS 0.0645 5 0.049 5 0.078 4 
LS 0.0550 I 0.040 1 0.061 0 

fraction or magnetometry ,  we shall use a complex ap- 
proach proposed 6 for oxide garnets. This approach in- 
eludes the following steps. 

I. Thermodynamic  analysis of the stability of the 
initial compounds  during high-temperature garnet for- 
mation and the use o f  the analysis results to elucidate 
the nature of  technological ,  structural, and other de- 
fects. The types of  possible defects are shown in Fig. 1. 

2. Crys ta l -chemical  simulation, i.e., determination 
of  the model  for the cation distribution over tetra-, 
octa-,  and dodecahedra l  positions of the garnet, accom- 
panied by est imation of their  valence and magnetic 
states with al lowance for the most probable defects. 

3. Calculat ion of  the unit cell parameter acalc of the 
"model" garnet and comparison of the result with the 
experimental  aex p value. 

Let us apply this approach to the solid solutions 
Dy3_xBixFes_y_zScyGazOl2, synthesized previously. 7 The 
samples were prepared from chemically pure Bi203, 
Fe203, Ga203, Dy203, and Sc203 using ceramic tech- 
nology. The temperature  of  the onset of  the solid-state 
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Fig. 1. Change of the lattice parameter as a flmction of the 
atomic fraction of (Sc, Bi, Ga) in lanthanide ferrogarnets (1) 
Dy3SeyFes_yOi2; (2) Dy3_xBi~FesOl~; (3) Dy2Bi~Se~,Fes-vOl~; 
(4) Dyl.sBil,sSeyFes_yOl~ ;" (5) Dy2BiSc0.75GazFe5-:Oi2: 
(6) Dy L5 Bi LsSc0.75GazFe5_zO12. 

synthesis in air in the initial mechanical ly homogenized 
mixtures was 600 ~ after each (of three) trituration of  
the mixtures, the temperature was raised by 200 ~ The 
products, which were single-phase materials according 
to X-ray diffraction data, were powdered down to a 
particle size of  no more than 20 ~tm, pressed at p = 1100 
kg cm -2, and subjected to homogenizing annealing at 
1273 K for 25 h in order to obtain dense ceramics. The 
concentration dependences of  a(x), a(y), and a(z) are 
shown in Fig. 2. 

Thermodynamic analysis 8 of  the equilibrium oxygen 
pressure Po2 (105 Pa) for the dissociation of the initial 
oxides M203 

Bi203 Fe203 Ga203 Gd203 Dy203 Sc203 
Iogpo2 -4.13 -5.35 - 10.37 -40.12 -41. l I -42.04 

indicates that all of  the oxides are stable at the tempera-  
ture of the final annealing and, hence, all the cations in 
the resulting garnets occur in the trivalent state; the 
anionic and three cationic sublattices are complete  and 
the cation distribution over the c, a, m~d d sites appar-  
ently approaches the equilibrium distribution after 25 h 
of  annealing. 

The crystal chemical model of  arrangement of  the 
cations over nonequivalent crystallographic positions in 
the garnet structure implies that large ions mostly occur 
at the largest ox'ygen interstices. For instance the high- 
spin [Fe3+]Vl ions (r = 0.0645 nm) preferably occupy the 
octahedral 16a positions compared to the [Ga3+]Vl ions 

0 1 2 (x) 
Fig. 2. Dependence of the unit cell parameter of R3_~BixF%O I~ 
on the content of Bi. 14 
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(r  = 0.062 rim), whereas the low-spin [Fe3+]vl ions (r = 
0.055 nm) let the [Ga3+]vl cations occupy these posi- 
tions. This statement follows from the thermodynamic 
equilibrium principle, viz., the energy of  the system tends 
to the minimum (for a specified composition, p, Po2, and 
73. Apparently, for complex tetrasublattice structures such 
as garnet, exceptions to this postulate are possible. Thus it 
is kaaown 9 that the preference energies E O. for cations to 
occupy tetra- and octahedral posit ions in the spinel struc- 
ture, found by quantum-chemical  calculations, show de- 
viations from this principle. Since no calculations of E O. of 
this type have been carried out for garnets, we shall keep 
to this principle in our calculations. 

The second postulate suggests that  the presence of  
two or more magnetic  sublattices in garnets ensures the 
highest-spin states for the cations that form these crys- 
tallographically nonequivalent positions. In the case 
where magnetic ions occupy only one position (24c, 
16a, or 24d), they exist preferably in a low-spin configu- 
ration. The validity of  this postulate is supported by 
calculations and studies !~ of  the transmission optical 
spectra of Y3AI5012 (Co, Cr),  which provided grounds 
for the conclusion that Co 2+ ions occupy octahedral 
positions with a radius of 0.065 nm, corresponding to 
the low-spin state [Co2+]vl. 5 

To calculate the crystal lattice parameter  of garnet 
sol id solu t ions ,  we shall  use the  most  perfect  
semiempirical formula I I 

aealr = 10.092217 + 0.841118rvnl + 0.734598rVl - 
- 2.507813qv + 3.133970rvln'qv + 

+ 1.946901qv" qv, 

w h e r e  rVl l l ,  FVI , and r W are the weight average effective 
ionic radii s of  cations at 24c, 16a, and 24d sites. 

The garnets R3_xBixFe5Ol2 

Rare-ear th  garnets  R3Fe5012 (where R is a lan- 
thanide)  were synthesized in 1956, Iz whereas bis- 
muth-conta in ing  ferrogarnet  was first obtained in 1988 
as an epi taxial ly grown film on the Gd3(ScGa)5OI2 

substrate (a s = 1.2560 nm)  with a unit cell  size of 
1.2621 rim. 13 

Abnormally high Faraday rotation F on polycrystals 
and epitaxial films (LPE) of  R3_rBixFesOl2 (R = Sm--  
Yb) was first observed in a previous publicationl4; this 
gave impetus to the synthesis and study of  numerous 
Bi-containing garnet compositions.  The anomaly of F was 
interpreted 14 as being due to the high degree of  covalence 
and the high electronegativity of  the {Bi 3+} cation. 

Figure 3 presents the curve for  the parameter a(x) for 
R3_xBixFe5012.14 It can be seen that the maximum 
"solubility" of Bi 3+ in R3Fe5OI2 is a nonlinear function 
of the ordinal number  of  the lanthanide n or the number 
of  4f electrons in the R 3+ ion. This  nonlinearity is due to 
the change of  the ionic radius of  {Bi3+}vm following 
isomorphous replacement  o f  the  {R3+}vIII ca t ions )  4 
This assumption is at variance with numerous types of  
systematization, crystal chemica l  models, and conclu- 
sions drawn based on the reff values; however, there are 
no grounds for refuting it unless  X-ray diffraction or 
neutron diffraction studies are performed. 

Now we estimate the crystal  lattice parameters for 
these garnets at x = 0.5 and 1.0 using Eq. (I) .  It can be 
seen from Table 2 that for a lmost  all of  the indicated 
garnets, aex p > a I. This is also t rue for R3Fe5OI2. Previ- 
ously, this finding for Y3Fe5012 has been interpreted 6 
and thermodynamical ly  substant ia ted Is by assuming the 
formation of [Fe2+lvl because o f  partial dissociation of 
the ferrite. Having calculated the  all value for the II" 
{ R3-.~Bix}l Fe2+ Fe3+](Fe3+3)O l l.5 component  using Eq. 
(I) ,  one can find cFe , viz., the number  of [Fe2+]Vl ions 
and the deviation from stoichiornetry,  ~ = c/2. 

Analysis of the data presented in Table 2 shows that 
all o f  the garnets  p r e p a r e d  14 are defective and 
nonstoichiometric. The most abundant  defects are [Fe 2 ~]vl 
cations and anionic vacancies. The number of these 
defects does not change with an increase in x to within 
the error of  calculations o r  measurements  of aex p (except 
for the dysprosium garnet). The  invariability of cFe2+ (at a 
given R) implies that bismuth ions are chemically inert, 
and the exception observed for DY3_xBixFe5O12 is appar- 
ently due to the magnetic influence of Dy 3+, which 

13 Table 2. Unit cell parameters (a-/nn~) for the R3_xBixFe5Ol~ films and the components 
3+ 3+ 3+ 3+ 3+ :3+ 2+ 3+ 3+ {R 3_xBi x}[Fe 2](Fe 3)Oi2(1)and {R 3-xBi x}IFe F:e ](Fe 3)Oll.5 ( i l ) ,  calcu- 

lated from Eq. (1), and eFe2+, the number of [Fe2+l (formula units) in garnets 

R aex p a I ~  I CFe 2~ aexp a l  OI I CFe 2§ 

x = 0 ,5  x = 1.0 

Sm 1.2548 1.2548117 -- 0 1.2561 1.255904 
Eu 1.2518 1.2511506 1.2625485 0.06 1.2538 1.2463969 
Gd 1.2497 1.2491698 1.2605677 0 . 0 5  1.2522 1.2511506 
Tb 1 .2468 1.2452086 1.2566065 0.14 1.2494 1.2448125 
Dy 1.2428 1.2432279 -- 0 1.2472 1.2463969 
Y 1 .2419  1.2402569 1.2516548 0.14 1.2456 1.2440202 
Er 1 .2390 1.2372860 1.2486839 0 . 1 5  1.2439 1.2416435 
Tm 1.2372 1.2353054 1.2467033 0.17 1.2420 1.2400590 
Yb 1.2353 1.2333248 1.2'447227 0.17 1.2402 1.2384744 

.267302 

.2577498 

.2625485 

.2562104 

.2577944 

.2554181 

.2530414 

.2514569 

.2498723 

0.02 
0.09 
0.09 
0.12 
0.07 
0.14 
0.20 
0.17 
0.15 
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possesses the largest intrinsic magnetic moment, equal to 
9 ~a.9 To estimate this influence qualitatively, we studied 
single-phase solid solutions Dy3_xBixFe5O12, synthesized 
previously. 7 Table 3 presents the aex p values and acalc 
values found from Eq. (1). It can be seen from the 
comparison that aex p > acalc and that the difference 
A -= aex p - acalc increases with increase in the number of 
(Bia+}vHi. According to the results of thermodynamic 
analysis, the ions present in this system do not change 
their valence states. Therefore, it can be assumed that the 
deviation of the unit cell dimensions from the values 
found from Eq. (1) is due to a change in the magnetic 
state of  either only the iron cations (model I) or all the 
magnetic ions (model II). 

Analysis ofthe calculation results indicates (see Table 3) 
that model  II ensures a higher magnetic order. This can 
be seen especially clearly for x = 1.15. In this case, the 
limiting isomorphous replacement  in the dodecahedra 
(at given p, Po~, and 7) and the max imum magnetic 
ordering are attained simultaneously. 

It was of  interest to carry out these calculations for a 
system containing a diamagnet ic  lanthanide ion, for 
example, for Y3_xBixFesOi2. t3,16-19 The Bi 3+ ion is 
also diamagnetic. Nevertheless, the replacement of  {Y 3+} 
by {Bi 3§ linearly changes the Curie (Nrel) temperature 
by +33 K per Bi in the formula unit. NMR studies of a 
bismuth-substituted i ron- -y t t r ium garnet 2~ showed that 
Bi 3+ has an internal field with Hi~ ~ equal to 60 kOe, 
which points to the existence of  a local intrinsic mag- 
netic moment  of this ion. This unusual fact necessitates 
not only additional experimental  and theoretical studies 
but attests to the occurrence of  complex interatomic 
interactions in the crystal following the isomorphous 
replacement of magnetic ions in the lattice by diamag- 
netic ions. No anomalous features were found in the 
temperature dependence (15--600 K) of F, i.e., the 
Faraday rotation for B1G17; therefore it was concluded 21 
that the bismuth ferrite garnet,  like RsFesOi2, is a 
collinear ferrimagnetic, t'9"lz This indirectly implies that 
the statement 29 about the presence of Hi, ~ at the {Bi3+}Vlll 
ions in BIG is incorrect and, hence, the Neel model  can 
be used to calculate the effective magnetic moments of 
garnet solid solutions R3_xBixFesO[2 (R is a lanthanide 

Table 3. Experimental (aexp+-0.003) and calculated (aealr I) 
crystal lattice .parameters for--Dy~_xBixFesOn~-the high-spin 
states of magnetic cations (c) calculated in terms of models I 
and II, and magnetic moments of saturation (l~ea') in model I1 

Parameter x 
0 0.5 0.75 1.0 1.t5 

aexp/nm 1.2403 1.2425 1.2434 1.2448 1.2453 
aca|cl/nm 1.240059 1.243228 1.244812 1.246397 1.252760 
ClHs/mole ft. 1.0 0.98 0.96 0.95 0.77 
cllH/mole ft. 1.0 0.984 0.968 0.964 0.847 
p.lief r (i.t B) 21.9 17.2 14.8 12.4 10.0 

or  Y). An example  of  this calculation of  laex p for 
DY3_xBixFesOi2 is presented in Table 3, which shows a 
clear-cut decrease in laex p following an increase in x. 

The Y3_xBixFe5Oi2 films, like BIG, were synthesized 17 
by spraying a target (garnet + excess Bi203) on a garnet  
substrate with a high-energy (1.5--5 keV) ion beam in a 
high vacuum (p = 1.07- 10 -3 Pa). According to the data 
reported previously, 17 the crystal lattice parameter for the 
above-mentioned solid solutions changes lineady 

a~x p = 1.23756 + 0.0828x (nm). (2) 

It is known s that Bi20 3 is the most stable of  bismuth 
oxides and that  this oxide vaporizes congruently. Redox 
disproport ionation of  bismuth(+3) ions is unfavorable 
for thermodynamic  reasons. [Fe2+]vi ions are more 
likely to appear  due to partial dissociation of Fe20  3 in 
the garnet during its ion-plasma jet  spraying and heating 
in vacuo. Comparison of  the crystal  lattice parameters 
calculated using Eq. (1) with the experimental values 
calculated using Eq. (2) demonstrates (Table 4) that 
aex p > acalc. This indirectly confirms the thermodynamic 
conclusions, because aF, the unit cell dimension of  an 
epitaxially grown flint, depends not only on the compo-  
sition and spraying conditions (p, po2, T, x) but also on 
the a s value o f  the substrate. 

Table 4 contains  (variant 1) the experimental values 
for the unit cell parameter  for BIG films as functions of  
the dimension a s of  the garnet substrate. Analysis of  the 
presented characteristics shows that the larger as,  the 
closer the dimension a F of  the epitaxially grown garnet 
film (for S m S c G a G ,  they are equal) and the smaller the 
value A = a F - a s. The precise aex p value for single- 
crystal or polycrystall ine ceramic ( three-dimensional)  
BIG is unknown. The bismuth ferrogarnet is a thermo-  
dynamically metastable phaseir-19; therefore, a three- 
dimensional BIG crystal has not been synthesized yet. 
Moreover, the a F value depends on the method of  
synthesis, the film thickness, and the determining exter- 
nal parameters p, 7", and po 2. The latter follows from 
Table 4 (variant II); a slight difference in the rate of  
oxygen supply to the system, ups, all other factors being 
the same, substantially influences the unit cell param-  
eter a F. In other  words, the more oxygen gets into the 
system, the smal ler  the number of [Fe2+]vl defects and 
the closer the aex p value to the equilibrium value for 
given (p, 73 condit ions.  This finding confirms the valid- 
ity of  both our  thermodynamic  analysis and our choice 
of  the predominant  type of  defects in the BIG films 
synthesized by ion-plasma jet spraying of  a garnet target 
in vacuo. 

The difficulties in interpretation of  the a~x p values for 
Bi-substituted garnets are well known. Thus the Shan- 
non s ionic radius of  IBi3§ equal to 0.1 I1 nm, was 
arbitrarily increased 2z to 0.1132 nm, which allowed the 
calculated aealr values for these garnets to be matched to 
experimental  results, aex p. Let us estimate acalc for 
Bi3Fe5OI2 using these rBi3+ values and Eqs. (1) and (3): 
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aealc = 7.02954 + 3.31277{~[ii} + 
+ 2.49398[rvl] + 3.34124(rlv) - 
- 0.87758{rvtll}[rVl] -- 1.38777{rvHl}(rw). (3) 

AS follows from analysis of the aealc and a~x p values 
listed in Table 5, all of the experimental values for the 
crystal lattice parameter for BIG lie in the all t < aexp< 
a t range. Moreover, alv coincided with the aex p value for 
the bismuth ferrigarnet films studied most accurately) 9 
In our opinion, aBl G = 1.2539+0.0002 nm is the most 
acceptable (and really existing) value for polycrystalline 
materials (powders or ceramics). This is indicated by the 
fact (see Table 4, variant II) that neither an increase in 
the film thickness, 1.45 < l < 1.90, nor change in the 
velocity of the oxygen supply to the setup, nor even the 
difference in the dimensions of the crystal lattice of the 
substrate (1.2353 and 1.2627 rim) influence the value a s 
= 1.2538+0.0001 nm. The latter characteristic is en- 
tirely controlled and determined by the pressure of 
oxygen (in this particular case, the velocity of the stream 
or flow rate), it can be assumed that this value is close to 
the eqt,ilibrium Po2(P); therefore, an increase in Po, to 
atmospheric pressure should not change the BIG crm- 
position. However, when the synthesis is carried out in a 
high vacuum, i.e., at po2<< po~ (p), the bismuth garnet 
necessarily dissociates, and in the case of long reaction 
times (z >__ 10 h), it can decompose according to the 
following reaction: 

BiaFe5012 -~ 5/3 Fen04 + 3/2 Bi203 + 5/12 {02}. (4) 

The partial dissociation is accompanied by removal 
of oxygen from the crystal and formation of anionic 
vacancies and an equivalent number  of [Fe2+lvl. It is 
the latter species that are responsible, in our opinion, for 
the large scatter in the aex p values (obtained by different 
researchers), because each experiment was characterized 
by a particular set of determining external parameters, p, 
T, and po2, the spraying time, and the size, temperature, 

and composition of the substrate, which were different 
in various studies. Analysis of the crystal structure of 
polycrystalline thin films of Bi3Fe5O12-~5, carried out 19 
using symmetrical (SS) and asymmetrical (ASS) X-ray 
technique showed that conclusions based on these stud- 
ies for the same samples do not agree with one another 
and, therefore, they should be treated with caution. In 
addition, it was found 19 that the films under study are 
nonstoichiometric, and 15 = 0.06 (from the SS data) or 
0.27 (from the ASS data). Our calculation using Eq. (1) 
for a F = 1.26473 nm gave the value 8 = 0.04. However, 
although these values seem to be close, the natures of 
this oxygen nonstoichiometry, i.e., incompleteness of 
the anionic sublattice, are absolutely different. It may be 
due to, among other factors, dissociation of the garnet 
film in vacuo during spraying and formation of [Fe2+]vi,, 
although the researchers cited claim t9 that bismuth va- 
cancies {V~ are formed in dodecahedral si~es. Analysis 
that we carried out previously attests that the formation 
of {V~ is thermodynamically forbidden. In addition, 
Bi20 3 dissociates congruently, s The formation of these 
large vacancies is energetically unfavorable, unlike the 
process IFe3+lvl + IO0:-] -* [Fe2+lvl + [O0t-l, whose 
energy in ferrites (according to Ref. 23) does not exceed 
2.5 eV. Finally, the formation of cationic vacancies 
should decrease the unit cell dimensions,  whereas the 
experiment shows that aex p > acalc. Therefore, the ques- 
tion of the nature and number of  defects in BIG should 
be solved separately for each sample, taking into ac- 
count its whole technological prehistory. Measurements 
of magnetic properties alone also do not answer the 
question of what is the nature of defects in the garnet 
studied. Only a complex approach, 6 analysis of the 
results obtained by various physical methods or neutron 
diffraction and spectroscopic ( N G R ,  NMR, ESR, etc.) 
studies can altogether bring us closer to solution of this 
complicated physicochemical problem. The difficulties 
arising during interpretation have been considered tak- 

Table 4. Crystal lattice parameters (aF) for Bi3Fe50]2 films synthesized on different-size garnets (as) 
(model !) for various flow rates of 02 (oo2) (model 11) 

Parameter Model Substrate material (as/nm) Method 
(reference) 

YIG GGG BiDylGaG Sm3(SeGa)5OI2 

(1.2388) a (1.2488) a (1.2353) ~ (1.2627) a 

IF/nm l 0.637 0.874 1.017 1.62 (18) 

aF/nm 1.2660 1.2653 1.2661 1.2626 (18) 

A/rim 0.0272 0.0165 0.0308 --0.0001 

Oo2/Cm3 s -q I1 0.1 0.2 0.3 0.4 (16) 
lF/gm 1. I 0 1.05 1.45 1.90 RIBS ~ 

aF/nm 1.2547 1.2543 1.2537 1.2539 

aF/nm Iil 1 . 2648 (1 ) "  1.26469(3) a 1.2647(I) a (19) 

a RRFS is reaction radiofrequency technology. 
b RIBS is reaction ion beam spraying, . 
c Analysis was carried out using ASS X-ray technique. 
a Using SS X-ray technique. 
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Table 5. Unit cell parameters (aeaJc/'nm) of bismuth ferrogamets calculated from Eqs. (I) and (3) 

qai3+)Vli.i/nm Fe 3+ spin state Model Composition acalc (1) aeale (3) aex p 

0.111 HS 1 {Bi3}[Fe3+9](Fe3+3)OI2 1.25907 1.25694 1.2539-- 
LS II {Bi3}[Fe3+i](Fe3~'3)Oi2 1.21362 1.22630 --1.2547 1(i 
HS 1II {Bi3}[Fe2*Fe3+](Fe3+3)OIL 5 1.27047 1.26720 1.26610 Is 

0.1132 HS IV {Bi3}[Fe3+2](Fe3+3)OI2 1.26431 1.26149 1.26473 19 
HS V {Bi31[Fe2+Fe3+](Fe3+3)Ot t.5 1.27570 1.27102 

ing a NGR study zl of the magnetic properties of BIG 
films as an example, because the detection z~ of an 
intrinsic magnetic field, equal to 60 kOe, at {Bi3+vln} 
implies that this ion is magnetically active and all elec- 
tromagnetic characteristics of RFG can be substantially 
changed by doping with bismuth. Analysis of the NGR 
spectra (Table 6) shows that all the parameters change 
almost linearly as x increases from 0 to 3. This fact 
contradicts the occurrence of a large //in at {Bi3+vtn} 
ions. The Fe2+v! numbers in films, calculated.from Eq. 
(I), indicate that, first, in line with our crystal chemical 
model, iron(2+) ions occupy positions 16a; and second, 
it is these ions that cause the most significant magnetic 
perturbations in the crystal: for the maximum c = 0.52 
(x = 2.5), the quadrupole splitting of Fe in octahedral 
sites corresponds to the minimum,  EQQ = 0.0025 
m m s  -I. This fact can be regarded as direct experimental 
evidence of the correctness of not only Eq. (1) but also 
the whole complex approach to estimation of the nature 
and calculation of the number of defects in oxide gar- 
t~ets. The maximum nonstoichiometry value, found by 
the asymmetrical X-ray method 21 and equal to 0.27, 
corresponds to the value of 0.26+0.01 found in our 
calculations. 

According to the model, z4 the overall magnetic mo- 
ment of saturation of BIG is the algebraic sum of the 
contributions of the mome~ats of three sublattices 

rtefr = (~qv - 0-5rtB) - rtvl - (~vm + 0.2 rts). (5} 

It can be seen from Eq. (5) that, within the frame- 
work of this model, the bismuth dodecahedral sublattice 
contributes to the magnetic moment,  la = 0.2p-B, due to 
either charge transfer from {Bi3+}vm to [Fe3+]rv or the 
formation of the hybrid complex {Bi--O--FevlL In our 

opinion, it is more acceptable to interpret the presence 
o f  I.tVlll, a magnetic moment  in the dodecahedral 
sublattice of the BIG films studied previously, z4 by 
assuming that some of the Fe 2~ cations fall into the 
dodecahedra when they pass from the target to the film. 
If we take la(Fe 2+) = 4 O.B, the number of these ions in 
the dodecahedra c ~ 0.2/4 = 0.05. This value is quite 
admissible and realistic for a high-frequency spraying 
procedure. 

The garnets DY3_xBixFes_r_#Sc~GazOtz 

The foregoing makes it possible to apply the complex 
thermodynamic and crystal chemical approach to a more 
complicated garnet system, Dyj_xBixFes_y__zScyGazOl2, 
synthesized previously. 7 Table 7 presents the aex p values 
and the crystal lattice parameters calculated for 
{ Dy3}[ Fe2_yScy](Fe3)Ot2 in terms of model I I using Eq. 
(1) with allowance for only the high-spin (aHHS) or only 
the low-spin (allLs) state. It can be seen from compari- 
son that aLs < aex p < artS. The effective magnetic 
moments  i~eff calculated in terms of the collinear Noel 
model diminish with an increase in y, due not only to a 
decrease in [Fe 3+] but also to the appearance of low-spin 
states of the {Dy3+}vln, {Fe3+}Vl, and [Fe3+llV ions. 

The initial composition of the ceramic target used z5 
to synthesize the B i - - D y - - G a - - I - - G  films by laser pulse 
spraying was Bit.sDyt.sFe4GaOt2 (acx o = 1.2555+0.0005 
nm). The researchers cited z5 did not study the film 
composition but it presumably did not coincide with the 
compos i t ion  of the target. If we assume that  
the dis t r ibut ion of the cations and valences 
in a garnet  target correspond to the formula 
{BiJ+l.sDy3+E.5}[Fe3+2l(Ga3+Fe3+2)Ot2(I), then it fol- 

Table 6. Physical parameters (Hi,,, IS, EQQ) of the NGR spectrum, z! unit cell parameters (aexp) , number of [Fe2+]vi ions (c), and 
saturation magnetic moments (~eff) for the y3_xBixFe5012_a garnet films (8 = c/2) 

Compo- acxp/nm 4 • M s  Hi,,/kOe IS/ram s -I EQQ/mm s --) elFr t Mefr (/aB) 
sition, x /G (form. umt) 

16a 24d 16a 24d 16a 24d 

0 1.2376 1740 486 391 0.3771 0.1561 0.0237 0.0249 0.09 4.91 
0.5 1.2419 . . . . . . .  0.14 4.86 
2.0 1 .2554 . . . . . . .  0.23 4.77 
2.5 1.2612 -- 489 417.5 0.3960 0.2116 0.0025 0.0166 0.52 4.48 
3.0 1.2628 1500 491 421 0.4024 0.2032 0.0295 0.0299 0.33 4.67 

Note. 4nM s is the saturation magnetization, Hi, ' is the internal field, IS is the chemical shift, EQQ is the quadrupole splitting. 
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lows from Eq. (1) that  a I = 1.30238 nm if all the 
magnetic ions exist in HS states. For the component  
{Bi3+LsDy3+Ls}[Ga3+Fea+](Fe3+3)OI2(II), Eq. (1) gives 
at1 = 1.21320 nm if  all  the  magnetic ions are in LS 
states. Apparently,  the state of  the target is intermediate 
(nearly 1 : 1 = HS : LS) between I and II, namely, 

{ Bi 1.sDyHS0.71DyLS0.7g } [Gao.53 FeHSo.9,1FeI~0.47 ] x 
x (Gao.47Fe Hs 1.11Fe LS 1.42 )O 12" (6) 

Analysis of  Eq. (6) leads to the following conclu- 
sions: 

(1) introduct ion o f  nonmagnet ic  Ga 3+ ions in a 
quantity of  1.0 a tom per  formula unit into DylG (see 
Table 3) causes a more  pronounced perturbation of the 
magnetic subsystem, c o m p a r e d  with that for Bi 3+. (This 
was to be expected because Ga  3+ ions, which occupy 
positions 16a and 24d in the garnet, affect the strongest 
exchange  in t e rac t ions ;  the  exchange integrals  for 
RsFesOi2 are the following: z6 Jad = --36 K, Jdd= --15 K, 
and Ja~ = - 8  K, whereas -/de = - 4  K, Jar ~ - 0 . 4  K, and 
Jr162 = -0 .1  K); 

(2) model  II is more  realistic than model I, since it 
takes into account the magnet ic  disorder in all three 
cationic sublattices; 

(3) the  d i s t r i b u t i o n  o f  Ga 3+ ca t ions  over 
nonequivalent crystal lographic  positions a and d (Eq. 
(5)) does not correspond to statistical distribution and 
does not  reveal any preference to either octahedral or 
tetrahedral  oxygen environment .  

An X-ray diffraction study 19 of the distribution of 
Ga 3+ ions over the  a and  d sites in the garnets 
Bi2DyGa2.sFe25OI2 also did  not demonstrate prefer- 
ence of  these ions to e i ther  of  these positions; hence, the 
earlier conclusions 19 fully coincide with ours. This is 
one more exper imental  p roof  confirming the validity of 
our approach and the conclusions  drawn. 

The synthesis of  Dy2BiGasOi2 (ae• = 1.2295 nm) 
and Dyl.sBiLsGa5012 (aexp* = 1.2293 nm) has shown 7 
that the samples are not  single-phase materials and have 
equal aexp*. This may  poin t  to the existence of  a limit of 
the isomorphic rep lacement  of  dysprosium by bismuth. 
This l imi t  can be eas i ly  es t imated from Eq. (1) 
with the  a s s u m p t i o n  tha t  the Dy 3+ ions in 
{DY3_xBix}[Ga2](Ga3)Ot2 exist in a low-spin state,(pos- 

Table 7. Crystal lattice parameters (aexp) for the 
{DY3}[Fe2_rScvl(Fe3)Ot2 garnets, calculated numbers (c) of 
high-spin Fe 3~" ions (model I) or (Dy 3+ + Fe 3+) ions 
(model II), and saturation magnetic moments (laeff) 

Param- Model y 
eter 0.5 0.75 1.0 1.25 

a.xp/nm 1.2417 1.2426 1.2436 1.2448 
airlHs/nm 1.2443 1 .2464 1.2485 1.2506 
aHLsfnm 1.1985 1 .2022 1.2059 1.2096 
qqs/mole fr. i - 0.91 0.86 0.81 0.76 

!I 0.94 0.91 0.88 0.86 
I~err (laB) II 18.7 17.2 t5.7 14.4 

tulate II) and x = 2.06. The calculat ion shows that the 
limit of  solubility has not yet been attained in these 
samples and their phase inhomogenei ty  is apparent ly 
due to the fact that the sol id-s ta te  garnet-formation 
reactions have not come to complet ion .  

Crystal chemical analysis of  the previously synthesized 7 
garnet Dy2BiSc0.75Fe0.75Ga3.5Oi2 (aex p = 1.2432 nm),  
shown to be a single-phase sample  by X-ray diffraction 
analysis, identified the following types of distribution of  
trivalent cations (long-range order  k) and the following 
magnetic states (magnetic ordering,  cHs): 

{ DyHS0.s6~DyLS 1.332Bi } [SCo.TsFeHSo.25Ga ] x 
x (Ga2.soFet-So.5o)O 12. (7) 

The presence of magnetic  holes  (diamagnetic ions) 
in all three cationic sublattices has a substantial effect 
on k and crts. 

Tables 8 and 9 present the results of this type of  
analysis for solid solutions of  the  garnets 

{ D3t3 -x-~DyHSpBix } [ScytHe z-y-l~ 1-z 1FeHSl31Gaz 1 ] x 
x (Gaz2Fe3-z2-132Fe 132)012. 

The 13, 131, 132, Zl, Z2, and CHS values were es t ima ted  
and the effective magnetic momen t s  of  saturation t%ff 
were calculated in terms of  the  Neel  model. It was 
assumed (in conformity with Ref. 8) that the magnet ic  
moments of  Dy Hs and Fe Hs are 9 and 5 la B and those of  
Dy Es and Fe Es are equal to 1 laB. All these garnets (see 
Tables 8 and 9) are s toichiometr ic ,  according to the da ta  
of  thermodynamic analysis, and  the defects in them 
are represented by not  o n l y  magne t i c  vacanc ie s  
but also low-spin cations. T h e  calculated P-eft values 
(taB) for DYa_xBixScyFes_yOl2 ( D B S I G )  and  
Dy3_xBixSc0.75GazFe4.2s_zO12 are  presented in Fig. 3: 
x I -= 1 (curve 1) and x 2 = 1.5 (curve 2). As was to be 
expected, the total magnetic moment  of  DBSIG smoothly 
decreases with an increase in [Sc 3§ in octahedral sites, 
whereas the replacement of  magnet ic  Fe 3+ cations in 
DBSIG by diamagaaetic Ga 3+ ions (see Fig. 3) increases 
this value up to z = 2 and decreases it at Z > 2. This can 
formally be explained by the fact that  up to z < 2, the 
substitution occurs in octahedral  sites, whereas after z > 
2, it involves tetrahedral positions. However, our ca lcu-  
lations showed that Ga 3+ ious occupy  (as their number  
in solid solutions increases) both  the 16a and 24d sites. 
The fact that t.hey prefer ~o occupy  the  24d posit ions is 
explained by the crystal chemical  postulate, because their  
sizes, rvl = 0.062 and rrv = 0.047 rim, are smaller than 
the radii of the [Fe3+]va (HS) and [Fe3+llv (HS) ions, 
respectively (see Table 1). 

Aaaalysis of the results obtai l ,  ed (see Tables 8 and 9) 
also indicates that as the number  of  diamagnetic ions in 
garnet crystals increases, the number  and proport ion of  
high-spin states of the cations cHS decreases. When the 
garnet contains one magnetic sublat t ice,  paramagnetic  
cations are likely to exist p redominant ly  in a low-spin 
state. This phenomenon is known and has been con-  
firmed experimentally,  for example ,  for LiCoO 2 or  
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Fig. 3. Concentration plots for the magnetic moments r%ff (~tB) for DY3_xBi~ScyF%_yOl2 (a) and DY3_xBi~Sc0.TsGazFe4 2s_:O12 
(b): (I) f o r x =  1; (2) t b r x  = 1.5. 

LiNiO2, z7 in which  the Co  2+ and Ni  2+ ions are in LS 
states. The  low-sp in  states of  tr ivalent lanthanide ions 
R3+LS have been  cons idered  in a monograph published 
previously. 29 

The fo rma t ion  o f  magnet ic  holes in any cat ionic 
sublattice o f  the  garne t  changes the energy o f  exchange 

Table 8. Unit  cell parameters (aex0+0.0003), magnetic 
ordering (cHS), and effective saturation magnetic mo- 
ments r%fr for Dy3_xBixScyFes_yOi2 (x = t.0/1.5) 

Parameter y 

0.1 0.25 0.5 0.75 1.0 

aexp/nm --  1.24:58 1.2473 1.24.8_4 1.2495 
1.2462 1.2473 1.2483 1.2495 1.2504 

cHS --  0.936 0,919 0,890 0.8~9 
/mole fr 0.897 0.891 0.888 0.827 0.785 

~tef r --  LI..05 9.69 8.2fi 6.~7 
(~a) 7.27 6.54 5.38 3.97 2.75 

Table 9. Experimental values aex p and calculated 
saturation magnetic moments (~eff), and number 
(x = 1.0/1.5) 

integrals. This  results in a substantial chat~ge o f  the  
nature o f  the defects in the garnet  s tnmture ,  caused not  
only by reor ienta t ion  of  e lec t ron  spins but apparent ly  
also by a change  in the spin-orbi tal  momen t s ,  and,  
perhaps, nuc lear  spins. Relat ively high concen t ra t ions  o f  
d i f ferent-valence ions and cat ionic  o r  an ionic  vacancies  
favor the format ion  of  complex  defects,  clusteis. T h e  
presence of  these  inhomogenei t ies  strongly affects the  
e lect rophysical ,  magne toopt ica l ,  and crys ta l lographic  
characterist ics o f  single crystal and polycrystal t ine ox-  
ides, films, and ceramics,  so,J1 

The above-cons idered  data  concerning i somorphism 
and b e h a v i o r  o f  b i s m u t h - s u b s t i t u t e d  c o m p o u n d s  
R3FesOt2 upon in t roduct ion  of  d iamagnet ic  ions (mag-  
netic vacancies)  lead to the fol lowing conclusions:  

The  systemat izat ion of  technologica l  defects in crys- 
tals proposed here  points to the crucial role o f  t echno l -  
ogy in the format ion  of  defect  crystals. 

Thermodynamic  analysis o f  garnet-formation processes, 
crystal chemical  simulation and the perfect analytical de-  

magnetic ordering parameters (ells), effective 
of [GaS+lw in Dys_xBixSc0_75GazFe4.25_zOI2 

. parameter ~form. unit 

0.05/0.15 0.20 0.50 0.75 1.0 1.5 2.0 3.0 3.5 

aex~/nm I.__2498 1,2500 1.249.8, 1.9~0/I 1.2488 --  1.2476 1.2468 1.2432 
1.2520 1.2516 1.2518 -- 1.2517 1.2516 1.2876 1.2454 --  

CHS 0,928 0.93~ 0.938 0 951 0 923 -- 0,912 0.928 0.333 
/mole  ft. 0.898 0.883 0.899 -- 0.874 0.922 0.825 0.702 -- 

~ r r  (~tB) ~ 9.~ I 1.3 I_9.1 13,.t - -  I ~.7 11.2 6.6 
4.9 5.2 6.5 -- 8.7 11.2 10.8 5.9 -- 

[Ga3+lvl ~_2 0.01 0.03 0.04 0.08 --  0-II 0._._09 
/form. unit 0.01 0.03 0.06 -- 009 0.10 0.22 0.37 -- 
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pendence acalc = flri) make it possible to elucidate the 
nature of unit cell defects and estimate the number of these 
defects and their contribution to the physical, including 
magnetic, properties of multicomponent garnet solid solu- 
tions based on R3Fe5OI~ " and Bi3Fe5Oi2. 

Taking BIG as an example, it was shown that the 
transition from vacuum spraying technology to solid-state 
synthesis ensures the replacement of defects from [Fe2+]Vl 
and V" O to Fe3+(LS) and R3+(LS), respectively. 

It was found that crystal chemical models I and II are 
noncontradictory. The conclusions based on these models 
concerning the cation distribution over c, a and d sites, the 
valence and magnetic states of io~rs, and the incompleteness 
of the mtionic sublattice are in full agreement both with the 
results of thermod3mamic analysis and with experimental 
investigations of the crystal and magnetic structures of the 
garnets R3_xBixScyFes_e._z GazOl~_ ~- 

The comprehensive analysis of the garnet structure 
made it possible to predict the ~ngc) value without 
magnetic measurements and to determine the composi- 
tions with the optimum characteristics, which is indi- 
cated by the maxima on the lacff(z) curve, equal to 
-16 ~t B (z = 2, x = I) and larger than 11 la B (z = 1.8, 
x = 1.5), observed for the first t ime for 
DY3_xBific0.75GazFe4 25_zOt2 that we synthesized. New 
promising magnetooptically active garnets were pre- 
dicted and the reasons for the appearance of maxima on 
the lacff(z) plot were explained theoretically; the occur- 
rence of these maxima implies that magnetic properties 
can be improved even when a ferromagnetic matrix has 
been diluted by diamagnetic ions. 

The comprehensive study of the garnet structure, the 
formulated postulates, and thermodynamic analysis of 
garnet formation can be extended to other crystals con- 
taining coordinatively nonequivalent positions of atoms, 
occupied by heterovalent ions in HS or LS states. 
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