Zoitsehwift fiir Kristallographic, Bd. 125, 8. 1—47 (1967)

GELL-S 67-1089

Crystal chemistry of the garnets®
By S. GELLER

North American Aviation Science Center, Thousand Oaks, California
Dedicated to Professor G. Menzer on his 70th birthday
(Received August 25, 1967)

Auszug

Die Granat-Struktur, urspriinglich von MENzER 1925 ermittelt, wurde in
den letzten zehn Jahren wegen ihrer magnetischen Eigenschaften fir die
Festkérper-Physikk von steigender Bedeutung. Wihrend dieser Zeit wurden
mchrere Vertreter der Granat-Struktur beziiglich ihrer Atomkoordinaten ver-
feinert ; Resultate dieser Arbeiten und deren Konsequenzen werden diskutiert.
Eine Ubersicht iiber Kationen, welche Granat-Strukturen bilden kénnen, wird
im Hinblick auf ihr Koordinationsverhalten gegeben. Die Diskussion beschrinkt
sich nicht auf bereits Publiziertes, sondern wird ergénzt durch neues, bisher
nicht veréffentlichtes Material.

Obwohl die Tonengréfle fir den Eintritt der Kationen in die verschiedenen
Punktlagen der Granat-Struktur von groBer Bedeutung ist, spielt deren elek-
tronischer Aufbau eine wesentliche Rolle, z.B. im Falle von Cr3* und Mn3*,
In diesemn Sinne wird das Verhalten von Co2t speziell untersucht, welches
oktaedrische Sauerstoff-Umgebung gegeniiber tetraedrischer bevorzugt. Co3+
konnte sowohl mit oktaedrischer wie auch mit tetraedrischer Umgebung
hergestellt werden. Dis Ionenverteilung im System YsFe; ,Ga, 012 wird auf
Grund verschiedener Untersuchungsmethoden speziell diskutiert.

Abstract

The garnet structure, originally solved by MeNzeR, has become increasingly
important in the last ten years. During this period a number of garnet-structure
refinements have been carried out; these are reviewed and some of the con-
sequences of the results are discussed. A survey has been made of all the cations

* Im Hinblick darauf, daB Herr Mexzir der Erste war, der eine Silikatstrok-
tur — dic des Granates — aufklirte (1925), erschien es den Editoren der Zeit-
schrift fir Kristallographic wiinschenswert, zu seinem 70. Geburtstag einen
Artikel zu erbitten, der dic Kristallehemie von Granatstrukturen behandeln
wiirde, Herr Gerrer hat sich freundlicherweise dazu bereit erklirt, und die Zeit-
schrift fiir Kristallographio bringt dicsen Artikel am Anfang des sonst alphabe-
tisch geordneten Festbandes.

Fiir dic Redaktion (auBer Menzer): gez. F. Laves
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which enter the garnet structure and their site preferences are given, Numeroy.
examples of garnets and garnet systems that have been investigated ave liste,
Some are reported here for the first time.

The ionic site preference in the garncts is discussed; it appears that relative
ionic size is of primary importance, but for certain ions like Cr®+ and Mn?-
the electronic also plays an important role. Considerabl,
discussion is given to the Co?* ion for which the evidence maintains tha;
the Co?* ion prefers, by far, the octahedral siles to the tetrahedral.
have been prepared with Co®* jon in the tetrahedral and in the octahedral sites,
The determination of the distribution of ions in the system Y;l%e; ,Ga, 0, 1y
different techniques is reviewed.

configuration

JFarnets

Introduction

Time has shown that the mineral world itself contains not only
important materials but also clues to others which do not occur
naturally. Sometimes these clues are quite subtle; in the garnet ecase,
considerable time elapsed before they were recognized. While for
many years the garnet structure, originally solved by Mexzrr!?
has been important to the mineralogist, it has been important to the
physicist for only a little over ten years. Its greatest importance to
the physicist is in the existence of the ferrimagnetic garnets3.1, and
the garnet structure first elucidated by Mexzer played no small role
in their discovery. The Néel theory?® of ferrimagnetism must also be
given tribute because it points to those crystal structures in which
ferrimagnetism might exist.

The technological importance of the naturally occurring garnets
has been limited to that of mild abrasives. An example is the garnet
paper, obtained in a hardware store, used to smooth wood. Kven
this use is limited, because there are better abrasives for this applica-
tion. Some silicate garnets are semi-precious and are used in jewelry.
But the ferrimagnetic ~arnets have important technological uses in
modern electronic devices. More recently neodymium doped yttrium
aluminum and gallium garnets have been found to be good laser

1 (. MENzER, Die Kristallstruktur von Granat. Centralbl. Min. [A] 1925.
344—345; 7Z. Kristallogr. 63 (1926) 157—158.

2 (4. MExzER, Die Kristallstruktur der Granate. Z. Kristallogr. 69 (19
300—396.

3 7. Berravr et F. Forrar, Structure des ferrites ferrimagnétiques des
terres rare. Compt. Rend. Acad. Sei. [Paris] 243 (1956) 382—384.

4 S, Gerrer and M. A. Groneo, Structure and ferrimagnetism of ytiuum
and rare earth iron garnets, Acta Crystallogr. 10 (1957) 239.

5 L. Niier, Propriétes magnétiques des ferrites; ferrimagnétisme et
ferromagnétisme, Annales Physique [Parvis] 3 (1948) 137—198.
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materials®. Thus the synthetic garnets have become a rich field for
both scientific and technological exploration. The scientific literature
of recent years abounds with papers on various studies of the garnets.

My own work in this field dates from the discovery of the ferri-
magnetic garnets by Girreo and me? in the Bell Telephone Labora-
tories. (As indicated earlier, the discovery had also been made inde-
}wnd(*ntly and in a different manner from ours by Brrraur and
ForraT® at Grenoble.) Since the discovery, I have been directly
interested in the static magnetic behavior and in the crystal chemistry
of the garnets. As a result of intensive work in these fields with the
collaboration of several colleagues, we have developed a model?
which accounts well for the magnetic behavior of the substituted
ferrimagnetic garnets. This model enables one to make certain pre-
dictions concerning tlig behavior of as yet unmade garnets and to
determine ion distributions in substituted yttrium iron garnets from
a knowledge of the 0°K moments.

This paper will give mainly a survey of the crystal chemistry of
the garnets including a discussion of the garnet structure refinements
that have been reported and of the site preferences of various ions
in the garnets. References to the magnetic behavior of the garnets
will be made mainly as clucidation to the site preference determi-
nations. In a few instances some heretofore unreported work will be
included.

I do not intend this to be an exhaustive review in which I set
myself the task of discussing every paper of any relevance whatever
to the subject. But I hope that I shall not have misstd any which
cause me to omit a point of importance. I should point out that only
once before have I written a paper® which included a review of the
overall erystal chemistry of the garnets; that paper was written
about eight years ago.

¢ J. E. Geusic, H. M. Marcos and L. G. Vax Urrerr, Laser oscillations in
Nd-doped yttrium aluminum, yttrium gallium and gadolinium garnets. Appl.
Physics Letters 4 (1964) 182—184. See also T. H. Ma1yax, Laser applications.
Physics Today 20 (1967) 24—28.

? S. GELLER, H. J. WiLiaus, G. P. Esrixosa and R. C. Suerwoon, Impor-
ance of intrasublattice magnetic interactions and of substitutional ion type
in the behavior of substituted yttrium iron garnets. Bell System Tech. Jour.
3 (1964) 565623,

8 8. GELLER, Magnetic interactions and distribution of ions in the garnets.
J. Appl. Physics Suppl. 31 (1960) 308—378
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Garnet structure refinements

For almost thirly years after the publication of MExzeR’s papers?.2,
no garnet structure refinement was made. However, the recognized
potential importance of the iron garnets led us to carry out the
structure refinement of yttrium iron garnet® as soon as a single
erystal, grown by NieLsex and Dearsorx?®, became available,
Since then, at least two other refinements of the yttrivm iron garnet
structure have been made™*2, Some carly work was done on powders
by x-ray diffraction® and neutron diffraction?® techniques by the
French investigators.

MexzER’s original paper? gave the mathematical details of the
equipoint positions of the space group Ja3d to which the garnet
structure belongs. The cations are all in special positions with no
positional degrees of freedom, while the oxygen atoms are in the
general positions (see Table 1). It is possible to refine the oxygen
parameters by choosing to measure those intensities to which only
oxygen atoms contribute; these are Akl with two indices odd and the
third divisible by 4 and 2k0 with &, (k) = 8n and (k), k = 2m (n, m
odd). There are others, e.g. kk2: 12, 4, 2 and 14, 6, 2; hkd: 12, 6, 4.
There is also a large number of structure amplitudes which have

Table 1. Description of garnet structure

Point symmetry 222 3 ) J
Space group position 24¢ 16a 24d 96 1
Typical ideal formula {Cag} [Als] (Si3) 042
Coordination to oxygen 8 6 4

Dodecahedron octahedron fetrahedron

(distorted cube)

Type polyhedron

? S. GerLer and M. A. GiLiro, Crystal structure and ferrimagnetism of
yttrium iron garnet, Y Fe,(FeO,);. J. Physics Chem. Solids 3 (1957) 30—36.
See also S. Gerrer and M. A. GinLeo, The effect of dispersion corrections on
the refinement of the yttrium-iron garnet structure. J. Physies Chem. Solids
9 (1959) 235-237.

10 J. W. NierseN and E. F. DrarBorx, The growth of single crystals of
magnetic garnets. J. Physies Chem. Solids 5 (1958) 202—207.

1L A. Barr and B. Post, A procedure for parameter refinement in simple
structures. Acta Crystallogr. 15 (1962) 1268—1270.

12 F. BuLer and J. A. Brucg, Oxygen coordinates of compounds with
garnet structure. Acta Crystallogr. 19 (1965) 971—978.

13 . BerrauT, F. ForraT, A. HeErriy et P. Mértern, Btude par diffraction
de neutrons die grenat ferrimagnétique Y,Fe,0,,. Compt. Rend. Acad. Sci.
[Paris] 243 (1956) $98—-901. :
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{otal cation contributions of the form -+ 8(f7—f7) sin}xh, where
T fI are the room temperature scattering factors of atoms in the
c and d sites, respectively. The reflections involved have h, I, odd,
] = 2n, n odd (h, k, I permutable).

T have mentioned the intensities which should be most sensitive
to the oxygen parameters, as an aid to those who might wish to
determine only the oxygen positions of garnets. I have already
<hown®! that it is necessary to use a more nearly complete set of data
if one wishes to obtain thermal parameters of all the ions involved.

Good drawings of the garnet structure may be found in Ref-
erences®13.15. The greatest appreciation of the ™ structure can be
obtained from a three-dimensional model now purchasable from at
least two different sources. A word description of the structure is
given in Table 1.

Because of the importance to the magnetic properties and the
crystal chemistry of the different coordination polyhedra in the
garnet, Fig.1 gives the surroundings of an oxygen ion in grossularite,

the figure being taken from the Abrahams-Geller paper?’.

Silicate garnets

Since the first refinement of a garnet structure, that of yttrium
iron garnet®, there have been several others. Five refinements have
been made of silicate garnets: a grossularite from Chihuahua, Mexico
by Apramams and GELLERY?, synthetic pyropes by Zemaxy and
ZeMANN'S, and by Giees and SMITH'®, a natural pyrope by EuLer
and Brrce?? and a grossularite from Xalostoe, Mexico by Praxnr16,
The last is the most recent one reported; it was based on both x-ray
and neutron data.

The results obtained by PRANDL® indicate that if there are any
differences in positional parameters resulting from the neutron vs the
S

" 8. GELLER, Parameter interaction in least squares structure refinement
Acta Crystallogr. 14 (1961) 1026—1035.

 G. V. Gmses and J. V. SyrrH, Refinement of the crystal structure of
“¥nthetic pyrope. Amer. Mineral. 50 (1965) 2023—2039.

" W. Praxpr, Verfeinerung der Kristallstruktur des Grossulars mit Neu-
tronen- und Réntgenstrahlbeugung. Z. Kristallogr. 123 (1966) S1—116.

7S. C. ABramavs and S. GELLER, Refinement of the structutre of a gros-
sularite garnet. Aeta Crystallogr. 11 (1958) 437—441.

YA Zeyvaxy und J. ZEMANN, Verfeinerung der Kuristallstruktur von
S¥nthetischem Pyrop, Mg,AlL(SiO,),. Acta Crystallogr. 14 (1961) 835—837.
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. x-ray diffraction investigations, they are very small. PrRaANDLs work
includes the determination of anisotropic thermal parameters. Hoy-
ever, while there are apparent differences in results between the
neutron and x-ray investigations, the limits of error in each preclude
any conclusion as to their reality. PraxpL also made 77 °K measure-
ments of the neutron-diffraction intensities of reflections in the
[111] zone. Positional and isotropic thermal parameters were deter-

s
Nl
nNi=

n~-
(=)
Nl

Fig.1. Coordination about an oxygen ion in grossularite (after ABramaMs and
GELLER?) !

mined from these and showed no significant difference from those
determined from the [111] zone data taken at room temperature.

The x-ray data with which Praxpr’s refinement was made were
obtained with a Buerger precession camera; intensities were measured
with a photodensitometer. The neutron data were also obtained from
a single crystal. Our data” were obtained from Weissenberg photo-
graphs and the intensities were estimated visually. Further, the
origins and compositions of the specimens are different. Yet the
differences in positional parameters of the oxygen ions are not large.
If the averages of the four values for each parameter given in PrRaNDL's
Table 10 are compared with the final set of parameters of the Ab-
rahams-Geller paper, we obtain:

~1

Crystal chemistry of the garncts

[ v 1

_— -
ApranAMsS-GELLER —0.0389 0.0456 0.1524
—0.0382 0.0456 0.1513

I’'itANDL |

‘ile standard errors for the Abrahams-Geller parameters were cal-
culated to be 0.0005 and for the Prandl set 0.0001.

The interionic distances and angles in grossularite are given in
the Abrahams-Geller’™ and Prandl'® papers. The actval values are
not strietly those for single cation-oxygen distances because the
minerals do not have ideal formulas. In fact, if the chemical analysis
given for the grossularite we investigated may be taken as that for
the particular spherical specimen from which the x-ray data were
collected, the formula may be written:

{Cay ¢ Mg, 15}HAL g3Feg 25Me0.11 T 02](Sis 96A10,06) O12 -

(The formula does not quite balance, there being an excess of 0.05
cations, but this is probably within the error of the chemical analysis.)
If the Fe3*—0?- and Ti*t—02- distances are assumed to be 2.01 A
and the Mg2*—07?- distances 2.10 A, the octahedral AI3*—02- distance
in this grossularite would be 1.92 A. The composition of the garnet
investigated by PraxpL is much closer to that of pure CazAl,Si;O4,
and therefore the octahedral cation-oxygen distance in his specimen
should be closer to 1.92 A than to 1.95 A found!? in the Chihunahua
garnet. Thus there should actually be some difference between the
two sets of oxygen coordinates. The distance found by Praxpr is
1.927 4- 0.004 A. Of course, the error limits on our value are not as
£ood, but these results appear to make sense anyway. However, the
Si—0 distances do not: PrRANDL’s value, 1.65 A, is higher than ours,
1.64 A, and probably the situation should be reversed; thus, perhaps
we cannot draw any firm conclusions regarding the small differences,
cspecially since our error limits are about four times as large as
Praxpr’s,

ZEMANN and ZEMavy18 found a value of 1.89 A for the AIP*—02-
distance in the synthetic pyrope. Some years ago, T used the Busing-
Levy least-squares program on their data and found the standard
“rrors in the oxygen positional parameters to be 0.0005, 0.0004, and
1.0005, respectively. Thus the limits of error on the distances are the
sime as those in our grossularite investigation. The difference of the
:\13’~02— distances in the two garnets (PraxpL’s grossularite and
ZEMANN'S pyrope) therefore appears to be significant. The Si*t—03%-
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distance given by Zryaxx and Zemaxy is 1.62 A; my calculations
gave 1.63 - 0.02 A, so that from these determinations, it is not
possible to say uncquivocally that the Si—O distances in the twyg
garncts ave significantly different.

Gipes and Syrri!® have also carried out a careful and detailed
study on a synthetic pyrope. They did a least-squares refinement on
the data of Zemaxx and ZuMANN to ascertain that the synthetic
pyrope prepared by Coes?® had essentially the same detailed structure
as the crystal they used, prepared by Boyp. The data for the Gibbs.
Smith refinement were obtained from a polyhedral erystal of 0.32 mm
and 0.41 mm minimum and maximum dimensions, respectively,
Intensities of 374 independent reflections were measured with a sciu-
tillation-counter equi-inclination Weissenberg diffractometer using
monochromatized MoK~ radiation. Corrections for absorption and
polarization of the beam by the monochromator were found to he
negligible and therefore, were not needed. The oxygen positional
parameters obtained from the refinement are —0.0328, 0.0501, 0.1533
(all - 0.0006) (as compared with the values: 0.034, 0.050, 0.154
obtained by ZEMANX and ZEMANN).

The Si—O and Al—O distances obtained by Gises and Smrra are
1.635 A and 1.886 A, respectively. Eurer and Bruck found a value
of 1.64 - 0.02 and 1.90 + 0.02 A for these distances in a natural
pyrope with formula {Mg, (Fe, ,Ca,,}[Al](Si;)0,,. Thus one is tempted
to conclude (at present, more on intuition than on the basis of the
calculated error limits) that in these silicate garnets, the Si—O dis-
tances are less affected by a change in the size of the divalent cation
than are the Al—O distances. But if we compare PRANDL’s result
with that of Gisss and SxuTH on the Si—O distances in grossularite
vs pyrope, 1.651 - 0.005 vs 1.635 - 0.006 A, respectively, we sce
that there does appear to be some effect on the Si—O distance, whicl
could be larger than the 0.005 A proposed by Gieps and Smrru’.

ZeMANN and ZeMAXN'® had noticed anisotropy of the electron
density about the Mg*" ions and attributed this tentatively to statisti-
cal disorder of the arrangement of these ions about the special positions.
However, these ions are in rather low symmetry positions, 222, and
the results of Giess and SyuTH show that the anisotropy of thermal
vibrations of the Mg** ions accounts for the electron-density anisotropy
observed by ZEMaANN and ZEMANN.

19 1. Cors, High pressure minerals. J. Amer. Ceram. Soc. 38 (1955) 298.

Crystal chemistry of the zarn-

In a paper? on the crystal chemistry of the garnets, ZEMANN
giscusses the question of the distortion of the coordination polyhedra.
7eaaxy shows that if regular octahedra and tetrahedra are assumed
with reasonable distances, 1.90 or 1.95 & for Al—O and 1.62 A for
<i—0, a very short O—O distance of 2.4 A is obtained for an
snshared edge of the distorted cube, ie. about 0.31 A shorter
(an its minimum probable value of 2.75 A. I should point out,
jowever, that it seems possible that a garnet could be made in which
.t least the octahedron could be very nearly regular. In synthetic
pvrope, the six O—O distances in the plan

= perpendicular to the
vireefold axis are longer than the six others by 0.08 A, while in
rossularite the exact reverse is true (see Table 1 of ZEMANX's paper).

Rare-earth and yttrium garnets

Structural refinements based on single-crystal data have been made
on a substantial number of rare-earth and yttrium aluminum, gallium
and iron garnets. Most of these have been reported recently by Evrer
and BRUCE!2, As indicated earlier, the first was made on yttrium iron
carmet by GeLLer and GILrLeo?®; BarT and Post?! reported a refine-
ment in 1962 and Evrer and Bruce!? also worked on yttrium iron
carnet. The structure of gadolinium iron garnet was refined by
WEDENBORNER?! and EuLEr and BrRUCE? refined the structures of
L, Yb, Y and Gd aluminum, Lu, Yb and ¥ gallium and Lu, Yb, Y,
Dy and Sm iron garnets.

Our work and that of WEIDEXBORNER were based on visually
rstimated intensities on Weissenberg photographs; the work of
IrLeEr and Bruck and of Barr and Post was based on counter data.
The last was based essentially on ten observational equations for
refining the three positional parameters of the oxygen ion. That is,
intensity ratios of reflections, with equal %2 — 12 - [2, to which only
vxygen ions contributed, were used, on the assumption that the
oxygen thermal motions in the garnet are truly isotropic. This was
liardly to be expected and as results of Praxpr® and of Giess and
SMITH' show, they are anisotropic in the grossularite and in the
-yuthetic pyrope. Further, although the discrepancy factor for the
tn ratios is 7.7°/,, three of the ten have discrepancies of over 18%/,.

* J. Zemany, Zur Kristallchemie der Granate.
Petrographie $ (1962) 180—18S.
N *1 J. WEIDENBORNER, Least squares refinemn=nc of the structure of gado-
“tium-iron garnet, GdyFe,Feg0p. Acta Crystallozr. 14 (1961) 1051—1056.
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The ecaleulated standard errors may therefore be unrealistically oy
(Banrr and Post did not report standard errors on the cation-oxyg,
distances which I have calculated [sce below]. In the course of 1y,

calculations, T found that the average values of these distances, tha-

they calculated from their parameters, were in error by about one stang.
ard deviation. The corrected values are listed in a subsequent table,
The standard errors given by Bart and PosT may not even %

physically reasonable. At room temperature, yttrium iron garnet i

not really cubic even though no significant deviation from cubicit,
has as yet been observed with x-rays. This means only that the x-ra;

diffraction technique, as others, has a limit on its “resolving power”.
Any crystal that has a spontaneous polarization, either magnetic
‘easy” direction of magnetization of

<

electric, cannot be cubic. The
yttrium iron garnet below its Curie temperature is the [111] direction
therefore indicating that it actually belongs to a thombohedral spac.
group. This is not of great importance to the determination of th

positional parameters inasmuch as it is unlikely that deviations from
the cubicspace-group positions are quantitatively measurable by know:

techniques. But that such deviations may exist should be recognized.

There is no question that physical measurement techniques othe:

than those of x-ray diffraction “see” the non-cubicity: for example
the existence of the spontaneous magnetization alone (which onl;

requires a small permanent magnet to observe), the optical bire-
fringence observed by Dirrox?, the Mossbauer spectroscopic in-
vestigation of TmFe,Fe,0,, by CorEx2. Of course, no cubic Shubni-

kov group describes a ferroelectric, ferrimagnetic, or ferromagneti
structure??.

The three sets of oxygen positional parameters obtained in the

Crystal chemistry of the garncts 11

(.o arve really all rather close, although because of the large lattice
n<tant, small differences in parameter values may cause substantial

| Fett(@) -0~ | o |Fert@—0-| o |[Yor—0-] &
rrerand

JLLEO 2.01 0.01 1.88 0.01 2.43 0.01
2.37 0.01

iarTand

DOST 2.013 0.002 1.881 0.001 2.417 0.003
2.365 0.001

LR and _

BaUCE 2.019 0.006 1.866 0.005 2.434 0.006
2.356 0.005

The analogous Fe3t—O0?%- distances found in gadolinium iron garnet
re 2.00 (0.01) and 1.89 (0.01) A. These, together with the values found
fur yttrium iron garnet by GELLER and GirLeo and by Barr and Post
em to favor the larger tetrahedral Fe3t—02- distance, that is 1.88 A
rather than 1.87 A. Yet four out of five Fe3*(d)—02- values obtained
:1;._-; EtrLer and Bruck for the iron garnets are lower: Lu, 1.87 &;
Vh. 1.86 4; Y, 1.87 &; Dy, 1.86 A; and Sm, 1.88 A. The Fe?+(«)—02-
Jdistances for the same garnets were found to be 2.03 and 2.02 (for
wwo different LuFe garnet specimens), 2.01, 2.02, 2.03, and 2.04 A,
respectively. It would seem that the value in GdFe garnet should lie
between those in DyFe and SmFe garnet, but this has not been found
to be the case (see Table 2).

Table 2. Cation-oxygen distances in garnets as determined by EULERr and Bruce

three independent investigations of yttrium iron garnet are: e | %6 | ¥ [“6d | DBy | om
[ % | @ y | o | 2] s AP~ {a)—02- 1943 | 1944 1.94A§ 1.94 &

GerLer and Giiieo | —0.0274] 0.0000 | 0.0572 | 0.0009 |0.1495| 0.0000 =0 1.9? 2.00 2.03 il ot
Barr and Post —0.0269 | 0.0001 [0.0581 | 0.0003 |0.1495 | 0.000L ' ‘1”—0;_ 2.02 2.01 2.02 .05 206
Evierand Broce | —0.0270 | 0.0004 | 0.0560 | 0.0005 | 0.1505| 0.0005 | ‘=9 LiY | Bat6l | TG 148
S ()0t 1.85 1.84 1.85

22 J. F. DicLoxN, Jr., Optical propertics of several ferrimagnetic garnets o id)—02- 1.86 1.87 1.87 1.86 1.88

prog g g

J. Appl. Physics 29 (1958) 539—541; 1286—1291.

2 R. L. Conen, Mossbauer effect in Trm!® in thuliun iron garnet., Physic:

Letters 5 (1963) 177—178.
24 N. N. Neroxova and N.V.Berov, Ferromagnetic and ferroclectri

space groups. Kristallografiya 4 (1959) 807—812; Soviet Physics—Crystallography

4 (1960) 769—774.

The d—h and a—h distances in the garnets refined by Evrer and
_“!‘-‘.‘L‘E are realistically rounded off to two decimal places in Table 2.
ese distances do not show a trend, e.g. Fe3t(d)—0% = 1.86 A in
Lu and DyTe garnet while in YbFe garnet it is larger, 1.87 A. Thus,

B —
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it scems that no greater reliability of the distances in these iron garne
has been established by having done several structure refinement
than as given by the individual error limits.

The results of Evrner and Brucek on the gallium garnets do n
bear out my earlier reasoning® as to why the Ga®" ions should hay,
a preference at least equal to that of APt ions for tetrahedral sitc.
when substituted for Ie?* jons in yttrium iron garnet. In my paper*
on f Ga,0,, T had shown that the ratio of the average tetrahedral t,
average octahedral Ga®*—0%- distance in £ Ga,0; was equal to tl
analogous ratio in yttrium aluminum garnet, the values in the lattc:
having been taken from the results of Prixcr’s neutron-diffraction in-
vestigation 2® of YAl garnet powder. However, according to the result.
of Eurer and Bruce, this ratio of the Ga®**—02~ distances is greate
than that for the AIP*—O02- distances in the garnets. A recent in-
vestigation?? of the site distribution of Ga®* ions in YsFes_,Ga,0;.
confirms the greater preference of Ga®* than A" ions for the tetra
hedral sites, at least to x = 2.75. However, it appears that for @ > 2.75,
the situation could be reversed. According to the results of EULER and
Bruce the ratios, referred to above, are the same in both YFe and
YGa garnet and smaller in YAl garnet. If the results obtained by
other investigators on YFe and GdFe garnet are compared with thos
of EvLeEr and BRUCE on the gallium garnets, the ratio in the G:
garnets is smaller than that in the two iron garnets. Thus the relativ:
site preference of the AI** and Ga®' ions in the systems Yales ,AlOp
and YsFes ;Ga,012 cannot now be explained on simple structurd
grounds. It might still be possible, however, if the distances wer
determined more accurately.

Garnet survey and ionie site preference

In the present paper, T hope not only to bring the previous survey'
up to date, but also give more detail on the garnets and garnet system-
that have been made. 2

In subsequent tables, I shall give lists of simple end-member
garnets, namely the silicates, the germanates and the yttrium and

% S. GeLLER, Crystal structure of f-Ga,0,. J. Chem. Physics 33 (1960
676—684.

26 I, Princi, Neutron diffraction measurements on yttrium-iron ant
yttrium-aluminum garnets. Aecta Crystallogr. 10 (1957) 787—788.

27 §. GELLER, J. A. Cari, G. P. Espivosa and D. H. Lustiz, Gallium sub:
stituted yttrium iron garnct. Physie. Rev. 148 (1966) 522—524.
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cure earth aluminum, iron and gallium garnets. Then I shall give a list
f garnets and garnet systems to exemplify the ions which enter
Lamnets and, when known, the sites they occupy. I also intend to
,_;ig(-uss various aspects that have arizen in connection with these

sarnets.
Table 3. End-memizr silicate garnets
Ao | Bt | a[A] A B+ | a[A]
Vo Al 11.45918,10,28 Mn Al 11.621 28,36
Cr Not reported ® Fe 11.8219;9%
Fe | Not reported?® Fe Al 11.5262
Ca Al 11.85128 Co Al 11.4713
Se 12,272 cda. Al 11.82%
Wi 12,0929, 12.0703%, 12.068% v 12.09%
Cr 12.00%2,11.9993%
Fe |12.048%5,12.059%,12.067"
Ga |12.00% :
In 12.3520 t

2 B, J. SKINNER, Physical properties o
Amer. Mineral. 41 (1956) 428—436.

2 B. V. Minr’, Hydrothermal sy’ sl
Se35 Dokl. Akad. Nauk. [USSR] 156G 1¢

 R. G. STrRENS, Synthesis and i
~oldmanite). Amer. Mineral. 50 (1962

#S. Gerrer and G. P. Eseixosa,
specimen was prepared at 900°C and 20 L
with CaCl,.

2 §. GerLer and C. E. MiLLER, The syrnhesis of uvarovite. Amer. Mineral.
1 (1959) 445—-446.

3 H. E. SwaNsoN, M. I. Coox, E. H. Evaxs and J. H. pE Groor, Standard
s-ray diffraction powder patterns. NBs Clrcular 539, Vol. 10 (1960) pp. 17—18.

£ end-members of the garnet group.

of zarnets containing V3+, In3%, and
) 814—816.
izz of caleium vanadium garnet

a not published previously. The
ar from constituent oxides mixed

339, Vol. 9 (1960) pp. 22—23.
% B. V. Mur’, Hydrothermal syu-

siz of silicates and germanates with
. (1966) 1533—1538.

¢ garnet—yttrium iron garnet solid

F—1120.

¥ S. Gerier and C. E. MILLER, &
olutions. Amer. Mineral. 44 (1959) 111

# 8. GELrer and C. E. MILLER.
“pessartite. Amer. Mineral. 44 (1950)

#J.A. Koux and D. W. EcrART, .
“ssociated phases. Amer. Mineral. 4%
“worreetly, however, that this garnet v=u
“m of the Co?* cation into a garnet.
YA L. Gentice and R. Roy, Tso:
4 varnet family. Amer. Mineral. 45 (1%

o)

zizuzion of Fe¥t for AI** in synthetic
6657

study of synthetic diamond and
; 1422—-1430. The authors stated
=ented the first suceessful introduce-

5

srphisin and erystalline solubility in
40) T01—T11.
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Silicate garnets
The silicate garnets are listed in Table 3. These have been mad,
mostly by hydrothermal techniques. (Even the higher pressur
syntheses of Cors'® and ouwr own® of Ca,V,81,0;, may be so cop.
sidered.) Spessartite (2IngAlLSi0,,) is synthesized'® by meltin,
a mixture of the apyprepriate amounts of reactant oxides at a temperg
ture of 1200—1250°C. When cooled, a glass is obtained which j

then anncaled at 16507 for 18 hours. Synthetic uvarovite (Ca;Cr,Siz0,,
may be obtained Ly solid-state reaction, but the conditions fi;
attaining a good yield are given in a note published by GELLER an
MiLrer?®2. The synthesis of uvarovite is usually eredited to HummeL ",
However, according to the evidence he gives, he did not succeed i,
synthesizing a garnet. The spacings from his x-ray powder patten
are not indexable on a cubic cell, and it is inconceivable that thi
can be accounted for by measurement error. Because it is reall;
mainly of importance that this garnet can be synthesized by solid-stat.

reaction, I shall not earry the discussion to the point of comparin.
Humne's data with ours here. However, Swaxsox ef al.?® have prepared
uvarovite and carefully measured the powder pattern with a diffracto

meter. As is their custom, they list all previous data by other author
I therefore refer the reader to this more recent work for confirmation

In Table 3, there are three values listed for the lattice constan
of Ca,Ie,Si;0,,. The first two were obtained for specimens synthesize:

hydrothermally, the third specimen was grown from a lithium molyl
_ date flux. It now appears that the 12.048 A value may be low; 1

analysis was given for this specimen. The second specimen was saif

to contain 0.01°/, Al and the third was not analyzed. It is probab!
that the lattice constant for a specimen with ideal composition li
between 12.059 and 12.067 A. ,

The relative ionic sizes of the B3* ions which fill the octahedr:

sites in {Ca,)[B3"1(2,)0;, have been derived from the rare-cart’
perovskite-like compounds?? and these have been appropriate to th
garnets. The actual values obtained are:

4 . S. Yoper and M. L. Kerra, Complete substitution of aluminum £
Amer. Mineral. ¥

silicon: The systemn 3n0 - ALO;- 38i0,—3Y,0,- 5A1,0;.
(1951) 519—533.

1 F, A, Hoonter, Synthesis of uvarovite. Amer. Mineral. 35 (1950) 3243
of perovskite-like ecompound:

42 § Grrier. Crysizallographie  studies
V. Relative ionic sizes. Acta Crystallogr. 10 (1957) 248—251. Sce also Structw
Reports 21 (1957) p. 313.

T — -~
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n3* 0.714 Fe?t 0.628 Gadt 0.613
SpaF 0.686 Mn?+ 0.625 Cr3+ 0.608
it 0.633 &= 0.625 Al 0.558

| would thus expect the lattice constant of Ca,V,Si,0,, to be slightly
maller than that of CagFe,Siz0,,. MirL’s value of 12.09 A is too large,

Table 4. End-member germanate garnets

- | B | a[A] A+ | B+ | a [A]
Ca l;\l 121248, 12,1204 Mn | Al 11,9024, 11.901 41,
Se 12.504 14 11.89516
v 12.3520,12.32045 \'4 12,1252, 12,0095
Cr 12.2654, 12.275% Cr 12.027 43,41
Mn 12.32547 Fe 12.087 43,14
Fe 12.32013, 12,3124 Ga 12.04310
Ga 12,2511 cd | Al 12.0771
In 12,6247, 12,5940 " | se 12.447 16
Rh 12.35%7 v 12.2920
Y 12.80519 Cr 12.2131
Dy 12.83 49 Mn 12.2747
Ho 12.8110 Fe 12.261 18
Er 12,7854 Ga 12.191 1
Tm 12.7654 In 12,5152
Yb 12,7419 Rh 12.285%
Lu 12.7349
sr | Se 12.7851
In 12,8719, 12,8810
Y 13.0851, 13.09145
Ho 13.0940
Tr 13.0651
Tm 13.04%
Yb 13.034
Lu 13.0149

93 8. GELLER, C. E. MitLer and R. G. TreutING, New synthetic garnets.

Acta Crystalloge. 13 (1960) 179—186.

“ A, TausBer, C. G. WriNkrEY and E. Baxks, The crystal chemistry of
1ne germanium garnets. J. Physies Chem. Solids 21 (1961) 2532,

5 S. GurLuer and G. P. EsriNosa, data not previously published.

% A. TauBER, E. Baxxs and H. Keprspy, Synthesis of germanate garnets.
Yota Crystallogr. 11 (1958) 893-—894.

' . Ly ; y
B. V. Mirr’, Synthesis of garnets containing Mn®* and Rh**.  Zhur.

“rukt. Khim. 6 (1965) 471--473.

Y H. E. Swaxson, M. I. Coox, E. H. Evaxs and J. H. pr Groot, Standard
~ray diffraction powder patterns. NBS Cireular 539, Vol. 9 (1960) pp. 15--20.
" B. V. MiLr’, Synthesis of garnets with large cations. Dokl. Akad. Nauk

[USSR] 165 (1965) 555—558.
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possibly an indication that small amounts of Ti** ion, from his titaniy,
vessels, are in his garnct. (This is also indicated by the large valy
for the Cd;V,8i,0,,; it should be smaller than for the Ca compoun
in line with the relative values for the analogous Al compounds.) T},
value of 12.070 A obtained by STrRENS® scems better in relation t
12.067 for the CazFe,Si0,,. The value, 12.068 A, for the Ca,V,8iz0.
garnet that we synthesized is in very good agreement with Srrex,

value.

T would also have expected the lattice constant of CayGa,Si0.

to be larger than that of CaCrySiz0y,.

Germanate garnets
There are many new garnets among the simple end-meml:
germanates (Table 4). Fifteen are listed in Table 4 which involy
trivalent yttrium or a rare-earth ion in the a sites and the Ca®" or 8i*
jon in the ¢ sites. Those with the Sr2* ion all have lattice constant
greater than 13.00 A, the largest garnet unit cells known to dat:
All were made by solid-state reaction?. Mirr’ has synthesized son:

germanates hydrothermally®:47.% but all the germanate garnets ca

be made by solid-state reaction including MnzV,Gez0,5.
The lattice constant, 12.35 A, given by Mirn for CagV,Gez0,, 1

again high with respect to either of the values for the Fe compoun’

For a specimen of CagV,Gey0,, which we prepared, we obtained a valt
of 12.320 A. This was synthesized by firing an appropriate compact:
mixture of CaGeOy and V,0, in an evacuated sealed fused silica ampt!
at 960°C for 1 hour. The specimen was reground, recompacted ar

fired in the same manner for an additional hour at 960°C. The powd:

photograph showed a faint extra line indicating the presence of «
extra phase, possibly Ca,Ge;Oy. 1t is not impossible that some V5* ic
is incorporated in our specimen, tending to give too large a value f
the lattice constant.

We have similarly synthesized a specimen of MngV,Ge;0p,. A
appropriate mixture of Mn,GeO,, V,05 and GeO, was compact:
into a pellet, sealed in an evacuated fused silica tube and broug!
from 400° to 950°C in 1 hour, then allowed to remain at 950°C {
2 hours. A garnet with sharp back-reflection lines in the powd
photograph (CrK radiation) was obtained having @ = 12.099 A :
opposed to the value 12.125 A found by Mmr’ for his specime
On the basis of the reasoning given earlier, we suspected that MLt
lattice constant for this garnet, which he prepared hydrothermal’

\
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1= too high (as is the case for all his other vanadium garnets so
prepared). Our value is 0.026 A less than his, but is, nevertheless,
_1ill somewhat higher than that for the analogous iron compound.

There are actually at least three possible reasons for this: 1) In
view of the closeness of lattice-constant values for the analogous
yvi- and Fedt garnets, the sizes of the V3* and Fe®* ions may be equal
o the V37 ion may even be slightly larger than the Fe?* ion. 2) Some
~ontavalent V5* ions may be in the tetrahedral sites. 3) Some of the
;-:'x-xxlellat»e garnets are difficult to obtain as decidedly single phases.
There is some evidence 3.4 ghat it is possible that they have vacancies
of some sort, which probably would affect the lattice-constant values.

I do not believe that any of these possibilities can be ruled out
.t this time. The weight of the evidence from the lattice constants
done favors the conclusion that the size of the V37 ion is equal to or
Jightly greater than that of the Ie3* ion. Actually this does not
{Tect results of theory?®?.5!; the list of radii given above cannot be
considered to be perfect. Further, the surroundings of the ions in the
jerovskite-like 52 and garnet structures may be just sufficiently differ-
«nt to give slight size differences. Another example is that of Mn3* ion
which also appears to be slightly smaller than the Fe®" ion in perovs-
kites' but the same size as the Fe?" ion in the bixbyite structure,
i which case no significant change in lattice constant is observed?®
for (Mny_zFeg),05 for 0.01 < 2 < 0.50. (We have found > that « Mn,0,
it<elf does not have the bixbyite structure.)

With regard to the Mn3* ion, we had managed?®3, apparently, to
<ubstitute this ion for 29/, of the Fe?* jon in yttrium iron garnet, but

% J. H. vaAN SANTEN and J. S. vax WIBRINGEN, Jonic radii of iron-group
<lements. The influence of erystalline field. Ree. trav. chim. Pays-Bas 71 (1952)
£20.—430.

' A. D. Ligsg, Tonic radii, spin-orbit coupling and the geometrical stability
of inorganic complexes. Bell Syst. Tech. Jour. 39 (1960) 1617—1626.

% 8. GELLER, Crystal structure of gadolinium orthoferrite. J. Chem. Physics.
=1 (1956) 1236—1243; P. Correxs and M. Emsscuiirz, Determination of the
riystal structure of yttrium orthoferrite and refinement of gadolinium ortho-
“erite. Acta Crystallogr. 19 (1965) 524—531.

- P S.Gerier, R.W.Graxt, J.A.Care and G.P. Esrivosa, Magnetic
I=havior of the system Mn,0,—Fe,0,. J. Appl. Physies 88 (1967) 1457—1458.

, S, GELLER, J. A. CarE, R. W. Graxt and G. P. Esrivosa, Distortion in
tie erystal structure of a-Mn,Q,. Physies Lettors 24 (1967) 369—371.

* 8. GerLuer, H. J. WitLiavs, R. C. Suerwoop and G. P. Espivoss, Sub-
Ctations of divalent manganese, iron and nickel in yttriom iron garnet. J.
“hiysies Chem. Solids 23 (1962) 1525—1540.

- Kristallogr. Bd. 15, 1-6 .
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Mint’ has succeeded in making the garnets CagMn3 GeyO,, ang
Cd,Mn3t (e, 04, 7. ML has also succeeded in making two germanat;
garnets with Rh3* ions in the « sites??, namely those of Ca®* and Cd2-,

Tt should be mentioned here that Kerrn and Roy %% and ScHNEIDER
Romir and Warineg® have also had indication that rare earths ¢
yttrium replaced Ga*t or APt in the gallium and aluminum garnets,
T shall leave this, however, for later discussion.

The lattice constant, 12.251 A, for Ca,Ga,Ge,0,, given by
Swansox ef al.*® scems small relative to either one given for the (;
garnet. The order scems more nearly correct for the Mn group of
germanate garnets. For the In garnet, MiLr’ gives two different value;
12.62 and 12.59 A. The first was obtained for a hydrothermally
synthesized garnet, the second for one prepared by solid state reaction,
Inasmuch as the values MiLL’ obtained for his hydrothermally syn.
thesized garnets are generally high by about 0.03 A, I would speculate
that the lower one is the more nearly correct one for the pure garnet,

Among the cadmium garnets, again the value for the V compound
looks high, while the value for the Ga compound seems low. :

I think it worth emphasizing that in the case of some of the
germanates, there may be a question regarding ideal stoichiometry
and some of the differences in lattice constant may be refiections of
difficulties in this regard. Even when there is no difference between
investigators, the garnet phase could still not be of the ideal stoichio-
metry.

Rare-earth aluminum, iron and gallium gainets

Lattice constants for these garnets are listed in Table 5. The
lattice constant value given by YopEr and Kr1rm° for the first known
aluminum garnet is 12.01 4 0.02 A, Berravr and Forrars® give
12.02 A, Gireo and GELLER®, 12.003 A, and EvrLer and Bruck®,

5 M. L. Kerra and R. Roy, Structural relations among double oxides of
trivalent elements. Amer. Mineral. 89 (1954) 1—23.

57 S. J. ScHNEIDER, R.S.Rora and J. L. WARING, Solid state reactions
involving oxides of trivalent cations. J. Res. Nat. Bur. Standards 65A (1961
345—374.

58 F, Berravur et F. Forrar, Etude des combinaisons des terres rares
avec l'alumine et la galline. Compt. Rend. Acad. Sci. [Paric] 243 (1956) 1219-
1222.

8 M. A. Grureo and S. GELLER, Magnetic and erystallographic propertics
of substituted yttrium-iron garnet 3Y,0,- aM,0, - (5—a)Fe,0,. Physic. Rev

10 (1958) 73-78.
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Table 5. Rare earth aluminwm, iron and gallium garnets

A | B3+, o+ | a[A]

Y Al 12.01 40,56, 12,0258, 12.00012, 12.0033°
ad 12.11%8, 12.113%2,:12.1 1150

Th 12.074 51

Dy 12.065%, 12.042 6!

Ho 12.01161

Br 11.9858, 11.0816*

Tm 11.957¢0

Yb 11.929%0

Lu 11.912¢0

Y Fe 12.3764,52

La* 12.76763

Pr* 12.646°%

Nd* 12.60%2, 12.596¢%, 12.6006

Pm* 12.57°2, 12,561

Sm 12.524°2, 12.530°4, 12.52865, 12.529 63
Eu 12.518°2, 12.4988%

Gd 12.479%2, 12.47264, 12.471 63

Th 12.447%2, 12.436°

Dy 12.414%2,12.405%

Ho 12.380%2, 12.375%

Er 12.34962, 12,3475

Tm 12.325%2, 12.3239

Yb 12.291%2, 12,3023

Lu 12.277¢2, 12.283%3

X Ga 12.30°%8, 12.2735%, 12.28012, 12.27557, 12.274 66
Pr 12.57%8, 12.54545

* Hypothetical.

© C. B. RuBensTEIN and R. L. BArNs, Crystallographic data for rare-earth
aluminum garnets: Part II. Amer. Mineral. 50 (1965) 782—785.

¢ C. B. RuensTeIN and R.L Barns, Crystallographic data for rare-
carth alaminum garnets. Amer. Mineral. 49 (1964) 1489—1490.

® F. Berraur et F. Forratr, Etude des paramétres des grenats. Compt.
Rend. Acad. Sci. [Paris] 244 (1957) 96—99.

 G. P. EspiNosa, Crystal chemical study of the rare-earth iron garnets.
J. Chem. Physics 37 (1962) 2344—2347.

8. GeLLer, H. J. WitLiavs and R. C. SHERwoOD, Magnetic and crystallo-
#raphic study of neodymium substituted yttrium and gadolinium iron garnets.
Physic. Rev. 128 (1961) 1692—1699.

® 8. Gerrer and D. W. MrrcrerL, Rare earth ion radii in the iron garnets.
Acta Crystallogr. 12 (1959) 936.

" G. P. EspiNosa, A crystal chemical study of titanium (IV) and chromium

ng) substituted yttrium iron and galliim garnets. Inorg. Chem. 3 (1964)
15850,

9%
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Table 5. (Continued)

A | B3 a [A]
Nd Ga 12.5058, 12,5065%:87

Sm 12.35556, 12,4258, 12,43357,67
Bu , 12.40257,65

Gl 12.395%, 12.376°%.%

Th Not reported

Dy 12.3238, 12,307 57,88

Ho 12.2823%7

Er 12.2558, 12,2555%:87

Tm ' Not reported

Yb | 12.20412, 12.20057,%7

Lu L 12.18812, 12.18357.68

12.000 A. The most accurate value for a stoichiometric Y;ALALO,,
is probably 12.002 = 0.002 A. For non-stoichiometric yttrium alumi-
num garnets, the lattice constants are generally higher; they contain
excess ybtrium?3, RTBENSTEIN and BArxs®0.%! have carefully deter-
mined the lattice constants of single erystals of the rare earth aluminun
garnets. These are plotted vs atomic number in Fig.2. If all other
points are correct, then the value for YbAl garnet is about 0.003 Alow.
The authors have tacitly assumed that the crystals grew with ideal
stoichiometry.

Espinosa®® extended studies made by GELLER and coworkers®!"
to cover all the rare earth iron garnets including hypothetical ones:
that is, he determined the lattice constants that the large rare earth
iron garnets would have if they existed. GELLER, WILLIAMS and
SuErwO00D ® had done this for Nd, and BerrauT and FORRAT® had
done so by extrapolation from two points; namely from Y, Fe,Fe; 0,
and {Y,;Nd, ;}TFe,Ie;0,,. Espixnosa® found a value of 12.600 Aa
compared with our earlier value of 12.596 A for hypothetical Ndl
garnet. GELLER ef al.® found for {Y3_,Nd.}Fe,Fe 0,5, a maximur
for x of 1.88. Rausey, Sremzrink and Werss® studying thi

67 1. E. Swansoy. M. C. Morris, R.P.Stixcirierp and E. H. Evax:
Standard x-ray diffraction powder patterns. NBS Monograph 25, Seetion !
(1962) p. 34.

6 . K. Swaxsox, M. C. Morris, R.P.StixcaHrFiELdD and E. H. Evaxs
Standard x-ray diffraction powder patterns. NBS Monograph 25, Section -
(1963) p. 22. .

6 . H. Ramsey, Jr.. H. 8. Steineink and E. J. Weiss, A study of ne
dymium substituted ytrrium ivon garnet. J. Physics Chem. Solids 23 (1967
1105—1110.
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<ystem later found a maximum x of 1.95, claiming also that they
obtained a single-phase garnet with o = 1.95 and « = 12.524 A,
(e maximum they observed, and 0.011 A larger than our maximum
4. We had reported® that single-phase garnets were not obtained

Gd Tb Dy Ho Er Tm Yb Llu

12.140,

<
12.100, \\
12.060 \

12020 \
| |

11.980

11.940 AN
0\
11.900 i

63 64 65 66 67 68 69 70 71
—— Atomnic number

Pig.2. Lattice constant vs atomic number for rare-earth aluminum garvets.
(Data from Refs. % and %)
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1248 // ‘\Q =
Ny
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Fig — : < ;
'Pm3' Maximum lattice constant and maximum 2 in {R,_,Pr,}Fe,Fe,0,. and
3-:Nd, }Fe,Fe,0,, where R = rare earth or yttrium vs end-member rare

vart vt A i i : ] 6
hoor yttrium iron garnet lattice constant. (The data for Nd are from Ref.b?,

those for Pr from Ref.%3)
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for values of a = 1.80. In a rccent attempt to make the gary.
with a = 1.95, the specimen obtained was clearly not single phas.
and the garnet phase present had « = 12,517 A, 0.004 A higl.
than our previous value. EspiNosa’s work 3, indicated that the Nd,(),

we had used must have contained an impurity ion smaller than Ndi-
He obtained a value of 12.488 as opposed to 12.485 A for the 2 = {;
specimen. The new maximum a value is in line with this differenc.

and still indicates maximum » = 1.88.

La Ce Pr Nd PmSmEuGd Tb Dy Ho Er Tm Yb Lu
I I I [ Il

12.76

1272t

1266—\y

1264 X

1260 \)
N\

1256 \

1252

/'/

—= a /4]

1248 A\

1244

1240

1236

1232 N

1228
57 59 61 63 65 67 69 71

——— Atomic number

Fig.4. Lattice constant vs atomic number for rare-carth iron garncts. Dashe!

curve passes through values for the trivalent rare carths with spherical electroni
configuration (after EspiNosa®?)

Esrivosa also determined maximum 2 for M = Pr and La in tl
systems {Y;_,M_ }Fe,Fe;0,, to be 1.33 and 0.45, respectively. He als
determined the maximum substitution of Pr for Lu, Gd and Sm i
their iron garnets. The results are shown in Fig.3 taken from Es
PINOSA’s paper. It is seen that a maximum lattice constant for an
iron garnet, obtained by extrapolation is 12.538 A in good agreemer’
with 12.540 A obtained by GELLER ef al.®* who first determined th"
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slue from their work with Nd substituted iron garncts. This value
;s just about 0.02 X too small to allow the existence of Pm;Fe,Fe,0,,.
i+ is just about realized by the garnet {Pry,;Sm, ;53 e,Fe; 04, 2.

A plot of @ vs atomic number taken from Esrixosa’s paper is
sven in Fig. 4. It shows the small crystal-field effects on the rare-earth
ons not having spherical electronic configurations and the expected
cusp at the Gd®= ion.

3erTAUT and ForRrAT®? predicted a value of 12.57 A for a PmTe
sarnet, we obtained 8 12.561 A. The latter value is also obtained from
the curve in Espixosa’s paper. For a hypothetical {Ce;}Fe,Fe 0,,,
+ value of 12.699 X would be obtained from the same curve.

In the case of the gallium garnets, while there have been numerous
investigations involving Tb and Tm garnets, I have not been able
to find a report of the lattice constants of these with ideal stoichio-
metry. The lattice constants of the others have been mainly deter-
mined first by BErTaUT and ForrATS® and then by SCHXEIDER et al.57
and by SWANSoX ef al.57:%% on the materials made by SCHNEIDER et al.
jecause those of Swaxsox ef al. are insignificantly different from
those of SCHNEIDER ef al., only the averages of the two (which in no
cse differ by more than 0.002 A) are listed. For YGa garnet, there

several values, the best seeming to be 12.274 -- 0.001 A,

In the early work on a few of the gallium and aluminum garncts
done by Krerta and Roy %, it was found that excess yttrium or rare-
carth oxide was soluble in the garnet. No proof was given, but it
was postulated that the large ions were replacing the Ga®* or AI** jons
in octahedral sites. Some of the galliuin-garnet crystals grown by
Revemka (see Ref. %) showed solid-solution ranges within the same
batch. Subsequently, SCHNEIDER ef al.5 explored these solid solutions

in the rare earth and yttrium gallium garnet systems. They found.

that the “solubility” and lattice constant increase with decreasing
rare earth ion radius until Tm3* is reached, then both decrease.
For Y#* both the range of solid solution and lattice-constant difference
were substantially larger than those for Ho?t with the same size.
SCHNEIDER ef al.57 also believe that in these solid solutions, the
Ga% jons in @ sites are replaced by the excess rarve-earth ions. They
mention that T said, in private communication, that the solid solution
"1y be of the “interstitial and/or vacancy types instead of substitu-
“onal and thus results in a defect structure”. I cannot remember
"xactly what I said but surely there are no interstitial sites in the
“tmet structure to be occupied. However, I did think it probable
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that there might be a vacancy ov combination vacancy-interstiti
situation. It is somewhat difficult to believe that the large ions
the same species are going into both ¢ and « sites simultancously eve
though there is little evidence to the contrary. Perhaps the moe.
substantial evidence iz given by the germanate garnets, with ra
earth ions in @ sites, made by Miry’, which seem to require larg,
c-site and smaller ¢-site ions. But there is evidence to support, at lea.

12450 ==

She e RS
Maxirnum ——
observed [/
12420 /
12390 /
=
s 12360 /
1 {%,} [, Ga,_,](Ga,)0,,
12.330 /
3
12.300
12.270f -
0 02 04 06 08 1.0

—_ X

Fig. 5. Lattice constant vs &

tentatively, the substitutional or combined vacancy-interstitial hyp:
thesis, and this evidence is our own?®. We have made several specime!
with increasing Y,0;:Ga,04 ratios. A plot of the lattice constant
composition is given in Fig.5. The lattice constant of the ideal!
stoichiometric garnet is 12.274 A while that obtained for the “garnct
in the 3:8.25 specimen, which was not single phase, was 12.43S
a very large increase indeed. The maximum lattice constant, 12.441
in the system was reported by ScuNEER ef al.57 for the 1:1 rafi
The maximum solid solution probably has the ratio 3:3.42 or f!
formula ¥;,,G0,,:0,,. The specimen with Y,;0,:Ga,0, of 3:3.

== — iy, - P J J e

Crystal chemistry of the garnets 25

i, Yi00Ga,3055, was also not quite single phase. On the powder-
diffractometer pattern taken with CuKx radiation, there are some
xtra lines with very low intensity at spacings: 4.17, 3.05, 2.88 A,
Nevertheless, the density of the specimen was measured pycnometri-
cally and found to be 5.73 g/em?. Now if the formula of the specimen
i« written {Y3}[Y,60Ga15:1(Gag)0;,, assuming eight of these per unit
ol with lattice constant 12.430 A, the theoretical x-ray density
would be 5.67 g/em?® in good agreement with the measured value.
Any other formula requires oxygen as well as Ga vacancies and would
result in lower density. The x-ray density, 5.80 g/em?, of ideally
«toichiometric yttrium gallium garnet is higher than that of
Y[ Yo.eGay 511(Gag)Oys, but this is actually to be expected.

I think that it would still be very interesting to examine the
structure of a single crystal of this compound. It must, of course,
have uniform composition if such an investigation is to be worthvwhile.
But obtaining such a crystal does not appear to be a simple task.

In the Tables 3—5 inclusive, I have not put down all values by
all investigators. In some cases, I have shown more than one to
indicate priority for the particular investigators even though 1 may
helieve their value is poorer than a later one. In some few cases, T Lave
scen no point in adding a later one if it appears to be poorer than an
carlier one.

Survey of the ions which enter garnets

While I shall try to cite most references, I do not expect tlhis
survey to be exhaustive of the references. I hope, however, to suscesd
in covering all the ions known to enter the garnets. But for « few
cases, I shall not be considering slight amounts of ions that by fine
spectroscopic measurements are found in a site.

tiroup T4

I. Lit: @ and d sites

{Cag}[LiM2+](V;)0p 0, M = Mg a=12.112
Co 12,404
Ni 12.340
Cu 12,348
Zn 12,420

- G. Bavyer, Vanadates A;B,V;0,, with garnet structure. J. Amer. C ramic
Soe. 48 (1965) 600.
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Nay }[AL(Li)F5,, « =1
Mexzer™, the ionic di

t A, cryolithionite. According t
ition is in accordance with tl;

formula.

2. Na': A number of garnet: other than eryolithionite contain Ny
ions in ¢ sites.
{NaCa,}[Mn,](As3)0,, ™ (berzeliite) o= 1249 &
{Na,}[AL](P3)0;, a, not reportc;
Sece also 1, 3, 4, 8, 25, 27

Group IB

3. Cu?t: a and c sites
{NaCa,}[Cu,](V3)0;, ™ o= 12,4934
{CuGd,}[Mn,](Gey)0,, 3 (tentative) 12.475
See also 1.

Group IT A4

4. Mg?*: ¢ and a sites
{Mg;}[AL](Si5)0,, 162 a = 11.459
{Gdg}[Mg,](GaGe,)0,, ** 12.425
{MgGd,}[Mg,](Ge;)0,, 12.31
{MnGdy}[MgMn](Ge;)0,," (probable distribution) 12.395
{Ca,}[TiMg](Ge;)0y, * 12.35
{Cag}[ZrMg](Ge;)O,, *2 12.514
{NaCa,}[Mg,](V;)0;, ™ 12.446

{Ys}[MgeFes_»](Fes_2Siz)O0pa 7 '
{Gd3)[MgFer_;](Fes_28iz)On ™ ,'

Sce also 1, 17, 25, 33a.

71 (. MeNzER, Die Kristallstruktur von Kryolithionit. Z. Kristallogr. 7
(1930) 265—287.

72 F. MAacHATSCHKI, Berzeliit, ein Arsenat vom Formel- und Strukturtyp
Granat (X;Y,2;0,,). Z. Kristallogr. 73 (1930) 123—140.

7 B. Tairo, Uber die Isotypic zwischen Phosphaten der allgemeinen Zv
sammensetzung  (Me,);(Me,),[PO,]; und den Silikaten der Granatgrupp:
Naturwiss. 29 (1941) 239.

7 A. Durir, Sur quelques composés non silicates isomorphes des granats
Int. Conf. on Physics of the Solid State and Application to Electronies ar
Telecornmunications. Brussels, Belgium (1958) pp. 500—502.

75 S. GerLer, H. J. WizLiams, R. C. Sngrwoop and G. P. EspiNosa, Ma:
netic and crystallographic studies of substituted gadolinium iron garnet:
J. Appl. Physics 36 (1965) 88—100.
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(‘a%*: thus far, all evidence points to preference for ¢ sites.

There is some indication that Ca®t ions may enter « sites: Rixa-
wooD and SEABrooK 7® have reported a pressure induced CaGeO,
with garnet structure, i.e. {Cag}[CaGe](Ge;)O,,. We have performed
high-pressure experiments on this system and have not obtained
a cubic material in any case. The powder photograph of one of
the specimens appears to be indexable on a tetragonal cell with
a = 12.51, ¢ = 12.36 A. The structure does appear to be closely
related to that of the garnet. Thus far, we have not obtained
single erystals which are required for a structure determination.
For examples of Ca?" ion in the garnets, see Tables 3—5 and the
many other examples in this survey.

6. Sr?t: ¢ sites

In the earlier survey®, I had said, “enters ¢ sites but there is
no known garnet in which Sr?* ions fill the ¢ sites”. This was
misinterpreted by MiLL’4? to mean that I had said that “Sr2* is
too large to fill all the dodecahedral positions and can only
replace other cations partially...”. He then counters this by
giving examples of hydrogarnets, which he writes
3810 - Ga,0,4 - 6H,0 and 3SrO - AL,O; - 6H,0. Leaving aside the
misinterpretation of my remark, I do not consider the hydro-
garnets to be isostructural with the garnets. Thus at the time I
wrote the earlier paper, the statement was correct. Since then
Mior’ has produced a number of interesting garnets with Sr** ions
filling the ¢ sites; these are listed in Table 4. Nevertheless, the
first indications that substantial amounts of Sr** ion would
enter ¢ sites were given in 1960:

{Sro 5 Y, 5} [Fe,)(Fe, sGeg 5)0;5
{Sro.sYz.s}Sllo.sFe4.5O12 %
{SrY,}Sn¥e,0,, 77

a= 12414 A
12.49
12.61

Ba?t: gmall amounts are known to enter ¢ sites??

™AL E. Rixéwoobp and M. SEABROOK, High pressure phase transformations
"+ Zermanate pyroxenes and related compounds. J. Geophys. Res. 68 (1963)
19014609,
) "'S- GeLLeEr, R.DM.BozortH, M. A.GiLieo and C.E. Mirier, Crystal
‘tnical and magnetic studies of garnet systems M2tFe,Sn;0,,—Y Fe,Fe 0.
> .
J- Physics Chem. Solids 12 (1959) 111—118,
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Group 118

8. Zn?": a sites and possibly ¢ sites
{Gd;}[Zn,](GaGe,30,, 2 @ = 12,464 !
MnGd ) [ZnMniGe,)0,, ¥ (probable distribution 12.495

2f gvEg)\np ]

{NaCa,}[Zu UV 5105 @ > 12.439
See also 1.

9. 'Gd*t: ¢sites
{CAGd,}[Mn,]{Ges)Oq, 1B a = 12473

See algo Tables 3 and 4.

Groﬁp 111 B

10. Sc3t: a sites
Examples of end-member garnets containing Sc®* ions are give
in Tables 3 and 4. However, the earliest published report ¢
substitution of S¢3* jon in the iron garnets is given in Ref.
Some systems studied involving Sc¢** ion are:
{Y3s}[Fes_,Sc:](Fe3)0qp 7:5%:78
{Gda}[FEg_ISC‘:I{Fes)Om 7
{Ys_yCay}[ScFea 7])(SiyFes_y)0;, 7
{Gsz}[Feg_;S C':](Fes)Om (L

11. Y3*t: ¢ and « sites

See Tables 4 and 5 and the various other examples given in thi

survey. Also see previous discussion of solid solutions in th
Y,0;—Ga,0; and Y,0,—ALO; systems.

12.

as far as I know .he rarity of Pm has precluded its being trie!

Replacement of at least 19/, of the yttrium by Ce?* in YIe garne

has been recently proved™. (Actually, it should be possible t

replace 30°; of the Y*" by Ce3t ion.) The smaller trivalent ior:

of Lu, Yb. Tm. Er, Ho, and Dy also enter a sites as shown I’
Table 4. Substitution of Yb** (in small amount) for Fe?" i

78 M. A. Girreo and 8. GELLER, Substitution for iron in yttrium iron garn'’
J. Appl. Physies 29 (1955) 380—381. ‘

K. A. Wickerszem and R. A. Bucranan, Optical studies of exchan-
in substituted garnets. J. Appl. Physics 38 (1967) 1048—1049.

Rare earths: all the trivalent rare-carth ions except that of I:
are known to enter ¢ sites in the garnets. Pm3* should also, bi
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YFe garnet has been indicated by microwave resonance absorp-
tion measurement®. Various mixed rare earth iron garnet
svstems have also been studied.

;roup 11T A4

ABT: « and d sites

Many examples of end-member garnets containing AT ion are

given in Tables 3—5. In addition, several solid-solution systems

including the AI** ion have been studied; some examples ave:

{\73}F05_xA]x012 7,59,78

{Gda}FGs_;;A];;Olz 7

CazAl,Sig0,,—Y Fe,Fe 0, 3

Mn,AlLSiz0,,—Y 3A1L,ALLO,, 40

Mn,AlLSi0,,—YFe,Fe;0,, 3¢

{Big.25Y2.75}Fes_zAl;O12 8.

11, Ga®': a and d sites
Many examples are given in Tables 3—5 and elsewhere in this
survey. One of the most extensively studied systems is
YsFes_,Ga;012 27, a detailed discussion of which will be given
elsewhere in this paper.

o
fy.

th. In®t: a sites
The first introduction of In3* ion into YFe garnet was reported
in 195878, Examples of complete a site occupation are given in
Tables 3 and 4. There is a possibility that In®** ions will enter
¢ sites.

Group IVB

6. Tit*: prefers a sites but enters d sites

{Ca }[TiNi](Ge;)Oy,
{Cag}[TiCo](Ge;s)Oy,
{\73—xcaz}TizFes_3012 66,82

a= 123417, 123283 &
12.3567, 12.351

% J. F. DiLLoN, Jr., J. P. RemerkA and L. R. WALKER, Yb? on octahedral
5 in YIG. Bull. Amer. Physic. Soe. [2] 11 (1966) 378.

LS. GeLLer, H. J. Wizniams, R. C. Suerwoop and G. P. Esrivosa, Bis-
“ith substitution in yttrium iron aluminum garnets. J. Appl. Physics 35 (1064)
15541756,

* S. Grrier, R. C. SHERWOOD, G. P. Bspivosa and H. J. WrLriays, Sub-
.":"ltiun of Ti*+, Cr®*t and Ru'* ions in yttrium iron garnet. J. Appl. Physics
2% (1963) 321.
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{Y3_.Ca;}TiGas 012
{Ya—m~y0ﬂ=a:+y}7-ll'_t/'r i.l'FCS—x—-yol‘Z £s
{Y3_.1'_1/0{11_7;+y}Zl'yr]‘iz(}{ls .1-_1101:_) 66

See also 4, 23, 24.

17. Zrit: a and c sites

{Ca }[ZrMg](Geg)0y, 42 a = 12.514 A
{Cag}[Zr,)(Vo5Gay;)0 % 12.676
{Cag}[Zr,])(Vo 5Fey 5)0q, ¥ 12.704

{Cay 52y 5}[Zr,)(Gag)0,e 12.60084, 12.5991 §

(In this case, our powder photograph had some faint extra line.
indicating that the formula of the garnet is not precisely o
written.)

{Ys_2Caz}[Zr;Fes_;] (Feg)O1p 781
{Gda——xca'z} [Zr;Fes_z](Fes)O12

See also 4, 23, 24, 33a, 35.
18. Hf't: @ and c sites

{Y Ca,}[Hf,](Fe;)0y, 8 a = 12.670 A
{Cag}[Hf,)(Vo,5Gay 505, % 12.652
{Cas}[Hf,](Vy5Fe;5)04, 12.681
{Ca, ;Hf, 5}[Hf,](Ga;)0y, 82 12.570

See also 23 and 24.

Group IV A
19. Sitt: d sites only

Many examples are given in Table 3 and elsewhere in this survey.
Comments under Si** in the earlier survey® have been corrected’.

20. Ge*t: prefers d sites but will enter a sites

Many examples are given in Table 4 and elsewhere in this survey.
Comments under Ge** in the earlier survey8 have been corrected”

See also Refs.? and 97,

83 B, V. M1y, G. M. ZapNerrovskir and V. V. BAxaxin, New compount:
with garnet-type structure. Izv. Akad. Nauk SSSR, Neorg. Mater. 2 (190°
1861—-1864.

81 § GRLLER, R. M. Bozortn, C. B. M1Lrer and D. D, DAvis, Crystal chemics
and magnetic studies of garnet systems {YCa,} Mi](Fey)0—{ Y} [Fe,](Fe,) 0
M =Zr or Hf. J. Physics Chem. Solids 13 (1%60) 28—32.

T — - o - e
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»1. Sni: prefers a sites but enters d sites

In the earlier survey®, we gave as an example the distribution of
Sn**ion in CagFe,Sny04,. In our first paper on the tin-substituted
vttrium iron garnets,we indicated that we did not obtain a single-
phase garnet with this composition. In later work #, we were still
unable to do so and we believe tentatively that defect structures
are indicated. In addition to our studies?.85 of the system,
{Y3_-Ca }l'es_;Sn;0;2, some studies® have been made on the
analogous Gd system; lattice constants are not reported, however.
Other Sn-containing garnets reported are:

{Ca,}Sn,V,:Ga, ;0,, 8 a = 12.580 A
{Caz}Sn;Ga,0,, 12.69%9, 12.6854

(In this case, our powder photographs contained some faint
unidentifiable extra lines, indicating that the formula of this
garnet is not precisely as written.)

See also 6, 23, 24,
Group VB
22a. V3% : a sites only (probably)
See Tables 3 and 4.
b. V3+: d sites

{Cag}[Fe,}(Fe; 5V;5)0;2 a = 12.465 A
{Cas}Fe3_3Geo.4Vl_3Om 88 12.447
{Cag}Fe; sGa, oV, 50,4, 88 12.461
{Cas}Fe;GeVO,, 88 12.418
{Cag}Fe;Ga, 45Geg 19V 14501, % 12.454

* 8. GELLER, H.J. Wirnrams, R. C. Suerwoop and G. P. Espinoss, On
the tin-substituted yttrium iron garnets. J. Physics Chem. Solids 26 (1965)
143445,

* K. P. BeLov and I. C. Lyusumix, Magnetic properties of the substituted
“arnet ferrites of gadolinium and yttrium. Kristallografiya 10 (1965) 351—356;
Soviet Physies—Crystallography 10 (1966) 282—286.

" 8. Gerrzr, G. P. Espivosa, H. J. Wirtiams, R. C. SHErwoop and 1. A.
Nusnrtr, Rare-earth and yttrium-free ferrimagnetic garnet with 493°I Curie
“iuperature. Appl. Physies Letters 8 (1963) 60—61.

* 8. GELLER, G. P. Espinosa, R. C. Suerwoop and . J. WiLrrams, Ad-

; .;,.:ml Yttrium-free ferrimagnetic garnets. J. Appl. Physics 36 (1965)
=1-322,




S. GuLLEr

{YTS--?.;:'C:I:IJ}[F(‘Q](]7‘(‘3»-.;\'1)0]2 83
{Bi3 s,Cags}[Fe2](Fez_» V)01 890
See also 1, 3, 4, 8, 21, 27.

. Nb3*: @ sites only (probably)

{Mn,}[NbZn](FeGe,)0,, ¥ a=1249 A
{Cag [NDZr](Gag)Oy, & 12.595
{Ca  [NDHE|(Gag)O,, 52 12,580
{CasNDTiGag0,, 12,452
{Cas}SnNbGa,0,, 8 12.550

. Tast: @ sites only (probably)
As indicated in my earlier survey8, it is to be expected that T. :
with a size only slightly smaller than that of Nb3* would reyis
Nbst in like compounds. This has been shown to be the cas:
Miry’83;

{Caz}[TaZr](Ga;)0,, a=12.591 A

{Cag}[TaHf](Ga;)0,, 12.584

{Ca;}TaTiGaz0,, 12.455

{Caz}TaSnGa;0,, 12.554
Group VA4

25. P5+: d sites only

{NaCa,}[Mg,](P5)0,, ™ a, not reported

See 2.
&
26. As®t: d sites only "
See 2.
27. Sb>": a sites only
{Ca,}[Sh, sFeq 5)(Fes)Oqn a = 12.580 A
{Cag}[Sh, ;Ga, 51(Gaz)0,, *° 12.472
{NaCa,}[Sh,](Fe;)0,, % 12.600
{NaCa,}[Sb,](Ga,)0,, 4 12.480

8 . GELLER, G. P. Espivosa, H. J. Wittrans, R. C. SHERWOOD and =. -
Nespirr, Ferrimagnetic garnets containing pentavalent vanadium. J. A%
Physics 35 (1964) 570-572.

% G. P. Esrixosa and S. GELLER, Growth of single-crystal garnets of °
system {Bi;_,.Ca, }[Fe,](Fe, . V,)0p,. J. Appl. Physics 35 (1964) 255127

91§ (GeLLer, H. J. WiLLiavs, G. P. Espinosa and R. C. SHERwWoOOD. T:T
magnetic garnets containing pentavalent antimony. J. Appl. Physies 35 !
542—547.

& Zri:;auogr. Bd. 125, 1-6

——
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Y3 2:Caz:}[Fep_,Sby](Fea)Ogp 1,92

{Cag}[ShiFe, 2](Fei5,2V15 2)012

Mes_1:Caa:}[Sh,Tes_»](Fes_»Vz)012, Me = Y or Bi*!
-5, Bi**: c sites only

(Ys oBiz}[Fe,](Ie;) 0y

See 13, 22D, 27

soup VIB

i. Cr3*: a sites only
See Tables 3 and 4 for examples of end-members.
(Ya}[Tez_2Crz](Fes)Oqg 59:66,82
{Ya}[Gaz_g;Cl'x](Gaa)Olz 66
{Y;;_,Caz}[F ez_yCry](Fca_xGez)Ou 55

- troup VIIB
2. Mn2t: ¢ and a sites
{CaGd,}[Mn,](Ge,)0,, a=12.55 A
{AInGd,}[Mn,](Ge;z)0,, *° 12.482
{CaY,}[Mn,](Ges)O,, * 12.475
AInY,}[Mn,](Gey)O,, 3 12.392
{Gd3}[Mn,](GaGe,)0,, 4 12.550
{Y3}[Fey ¢Mng 4](Fe, 6Si4)045 % 12.359
{Yo.oMny 1 }[Fey](Fe, ¢85 5)055 % 12.368

See Tables 3 and 4 and also 2, 4, 8, 9, 33a, 35.
b. Mn3*: g sites

{Y3}[Mn, ,Fe, g](Fe;)0,, 5°

See Table 4 for end-members.

a—= 12375 A

“roup VIIT

“1a.Fe?t: ¢ and « sites
{Feg}[AL,](Si5)0y, 2

(Y, 4Feg  }[Feg i Fet T 1(Fel 81, 4) Oy
{Y}[Felt Fe2t](Fed Si,)0,, %

a = 11.526 A
12.340

2~ 3-z

G. Brasse, Magnetic-garnet phases containing pentavalent antimony.
D3 Res. Reports 19 (1964) 68—72.
" 8. Gerier, H. J. Wirtiaus, G. P. Espivosa, R. €. Smerwoon and M. A,
i ’3'.?0, The reduction of the preparation temperature of garnets by bismuth
~rtitution. Appl. Physics Letters 3 (1963) 21—22,
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b. Fe?t: @ and d sites

See the numerous examples in Tables 3—5 and throughout {]
survey.

c. Felt: d sites 9
{Y,,4Caq }[Fe)(Fei i Feg ()0, a = 12378 A
Magnetic measurements have not as yet been made on {}
material. The formula is written in accord with the Tcherney

paper.

32. Ru!*: probably « sites
{Yo.5Cag o} [Rug,Fey 5](Feg)Oy, a=12383 A

33a. Co2t: ¢, a and d sites
{MnGd,}[CoMn](Gey)0,, 43 a=12.437 A
{CoGd,}[Co,)(Gey)0yy 12.402
{CoY }[Co,](Ges)O,, 43 12.300
{Gd;}[Co,](GaGe,)0,, 13 12.446
{Ca}ZrCoGey0;, 12,5413, 12.528%
{Caz}[SnCo](Ge;)0y, 43 ) : 12.47
Y,MgCo,Ge;0,, % 12.23
{Ca¥,}[Co,](Ge;)0,, % 12.35

{Cag}[Zr, s8¢, 61(Cog sGey 5) 045 *°
{Y3}Fes_2,C0,Si; 019 97

{Y3}Fe;5 2,C0,Ge;012 7

See also 1, 16, Table 3, and discussion section on ionic-sit
preference. '

b. Co3®* a and d sites

{Cag}[Sc; §C0y5](Ge;)0y, 45
{Cay}[Sc; gZr,5]1(CoyoGey 5)04, 45

94 1. I. TcHERNEV, Frequency-dependent anisotropy in Si- and Co-dop
YIG and LulG. J. Appl. Physics 37 (1966) 1318—1320. See also D. L. Woon a
J. P. Rexeika, Optical transparency of rarve-earth iron garnets. J. Ap
Physics 37 (1966) 12321233,

%5 D, REINEN, Die Lichtabsorption des Co®* und Ni** in oxidischen Fes
kérpern mit Granatstruktur I. Z. anorg. allg. Chem. 327 (1964) 238—252.

9 S, GrLLeEr, H. J. Wirntams, R. C. Suerwoop and G. P. EspiNosa, St
stitutions of divalent transition metal ions in yttrium iron garnct. J. Ap
Physics 33 (1962) 1195—1196.

% S, GeLLER, H. J. Wirtiams, G. P, Espivosa and R. C. Surrwoop, S
stitution of divalent cobalt in yttrium iron garnet. Physic. Rev. 136 (19
A1650—A1656.

12.533

¢ = 12.501 A
12.518

e —
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After calcining these specimens for half an hour at 1215°C in
oxygen, the first was fired at 1200°C for 24 hours in O, then
quenched. The second was fired at 1220°C for 2 hours in O,,
then reground, recompacted and refired at 1225°C for 16 hours
in 0,. The first specimen, i.e. with the Co®* ions presumably in
octahedral sites is canary yellow; the second is yellow-green.

24, Rh¥: a sites
See Table 4 for end-members.

45. Ni2: « sites

NInGd,}[MnNi](Ge,)0y, 43 o= 12413 A
(Gd;)[Ni,](CaGey)O, *3 12.401

{Cas}[ZrNi](Ges)Olz 43’45 " 12.50
{Y3}[Fez_zNix](Fea_xSiz)o:[?, 55
{Ya}[Fez__xNix](Fe3_zGex)012 55

See also 1 and 16.

Note: Wherever a system is given in the above survey, lattice con-
stants for various compositions are given in the references.

Tonic site preference

In our earlier work on the garnets, it appeared that the octahedral
and tetrahedral sites preferred cations with spherical or pseudospheri-
cal ground-state electronic configurations. I should emphasize that
we did not assert this rule; rather we indicated that experiments
designed to synthesize garnets with ions not satisfying this rule were
unsuccessful. However, even though we were aware of the paper
fsce Ref.8), we somehow missed the synthesis by Durir™ of the
zarnet {NaCa,}[Cu,](V;)O;, in 1958, This alone would be enough to
sczate this rule because the Cu?* ion has one of the largest Jahn-Teller
distortions. But subsequently® we managed to replace a small
“mount of Fe?t by Mn®! jon in YFe garnet. Because it was only about
2", replacement, we could not be absolutely sure of it, even though
the powder photograph indicated a single-phase material and the
“oment per formula unit was significantly higher than that of pure
YFe garnet as it should have been.

More recently, garnets in which Mn®+ ions fill the « sites have been
l'."uthcsized 7. The Mn3* ion, of course, is the other 3d ion with a very
“rze Jahn-Teller distortion. Further, a silicate garnet (goldmanite)

3*

- Ca o —— g :
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was discovered?® in which the V3 jon very nearly filled the a site;
and in fact CayzV,S8i;0,, and the analogous germanate have beg
synthesized by others and also by us (sce Table 3).

It still appears, however, that in the garnets, site preferenc.
depend mostly on relative ionic sizes with the largest ions tending 1.
occupy the dodecahedral or 8-coordination sites. Usually, but ng
always the smallest ions prefer the tetrahedral sites. There is no doul:
that the Cr®* ion in both the perovskite-like and garnet compound
is smaller than the Fe*! ion. In fact, according to cryztal field theor,
it should bes%.5, Still the Cr®* ion prefers cubic or octahedral syra?
metry;in the garnets it appears to go exclusively into the a sites eve
when other ions present are larger, for example, when substituted fo;
Fe?*t or Ga’t jons in YFe or YGa garnet, respectivels. Much mar
Cr3* replaces the Ga®t than it does the Fe®t ion indicating how sen-
sitive this replacement is to the relative ionic sizes of the Fe3t an(
Ga3t in the tetrahedral coordination ®. |

As pointed out earlier, the behavior of Ga*" vs AIP* jon whe
substituted for Fe®" ion is still not understood on the ionic size basi:
Also it is not entirely clear why so large an ion as Co?*, while pu-
ferring the octahedral sites also goes into tetrahedral sites in substanti:
amount. [However, Co?t does have a pseudospherical ground staf
(44,) in tetrahedral coordination; this may yet have some bearin,
on the matter.]

In a 1964 paper?®, REINEN has made certain claims regarding th
site preference of the Co®*t ion. In particular he states: “Die vo
GerLER vertretene Ansicht, dafi das Co%t-Ion in Granaten die oktaed:
rische Koordination der tetraedrischen vorzieht, ist sicherlich niclr
korrekt”’. The reference REINEN gives is to the present reference”
REINEN goes on to point out ““...dafl wie in Spinellen das Co*"-Io
auch in Granaten eine starke Tendenz zu tetraedrischer Koordinatic:
besitzt.” Further he says that the presence of the small Ge** jons
however, blocks the tetrahedral sites and therefore weakens thi
tendency. I shall show that all the evidence, including even tht
of REINEN, supports the original conclusion that in the garnets, tl
Co?t ions prefer octahedral sites even though some Co?" ions my
go into tetrahedral sites.

The situation in the case of the spinels is not at all straightforwart
In CoAl,O, the Co*" ions are in tetrahedral sites; on this basis alor

9 R. H. Moe~ch and R. MeyrowInz, Goldmanite, & vanadium garnet fre?
Laguna, New Mexico. Amner. Mineral. 49 (1964) 644—655.
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sne might say that Co®* ions appear to prefer tetrahedral sites, else
(0AlLO; would be an inverse spinel. Contrary to REINEN’s arguments,
nowever, very little, if any, germanium seems to exchange with Co in
('0,Ge0y, even though thiz should be casier in the spinel than in the
-arnet structure. So this already moves toward refutation of REINEN’s
Jinking even on the spinels. But the really important point is that
ColFe,04 s an inverse spinel. Magnetic measurements have shown that
21 the Co®* ions are in octahedral sites®. There is no germanium doing
.y blocking in CoFe,0,; the Fe®" ions could be in either site. In fact,
\InFe,0, tends to be a normal spinel so it would seem that Co®* does
st actually show much desire for tetrahedral sites in CoFe,0,. But
the situation with the garnets is much clearer: REINEN’s remarks
sotwithstanding, the Co?" ions prefer the octahedral coordination
even though they will go into tetrahedral sites.

Now one of REINEXN's strongest arguments is his synthesis of
('a,Z4r,Ge,Co0,, showing that he was able to force one cobalt per
formula unit into tetrahedral sites. On the other hand, he says that
the distribution in {Y,Ca}[Co,](Ge;3)O,, is as here indicated, that is,
!l octahedral sites are filled with Co?* ions. :

In the earlier part of his paper, REINEN says that even in
('ayZrCoGe;0,,, much cobalt is in tetrahedral sites with an amount of
tic** equal to it in octahedral sites. Then why does not just a little
bit of Co exchange with Ge in the case of {Y,Ca}[Co,](Ge;)O,?
Further, even though he found that Y,CozGe;0,, was blue when fired
in N, he agreed with us that the distribution is as we suggested it
is—that is, {Y,Co}[Co,](Ge;)0;,. Thus logically, this implies only that
ven if one could make garnets in which the d sites must be filled with
0 jons, all one could say is that the Co?* ions do not have a preference
between @ and d sites. Of course, no such garnet has been made.

Actually, it is mnot even possible to make the garnet
(Cag}[Zr,](CoGe,)0;, (claimed by REINEN) by solid-state reaction.
We have investigated the following system: {Cas}CoZr,Ges ,O12 to
‘¢ how much Co?* ion will be forced into the tetrahedral sites. We
ssume that little or no Ge*™ will be in octahedral sites and will show
liter why this is valid. Thus we may write the distribution formula

~ *Added in proof. A paper (EC-1) presented at the recent International
“"!l';ress on Magnetism by G. A.Sawarsky, F.vax per Woupe and A. H.
“ORRIsH indicates that the distribution of Co®t ion in CoFe,0, is sensitive to
&t treatment. Nevertheless, at most, about 20 9, of the Co** ions enter
t“trahedral sites.
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{Cas}[Zr1,,Co1_2](CosGes_5)012. The garnet REINEX ¢ ims to hay
made has 2 = 1.00 and has a lattice constant of 12.62 A. Our specin,
with an attempted z = 1.00 is not single phase; the 2
12.619 -4 0.002 A. We have made several otlLer specimen,

has ¢ =

2 = 0.00 = 12.598 A
0.20 12.557
0.40 12.588
0.60 12.619

not quite single phase. However, maximum « in this
near 0.60. So that even in this system, Co?* does Jiof

than 60°/, of the Co®>" into these sites.

REINEN also bases some of his claim on the ohservation that i

the {Ca;}Me**Co?*Ge;0,, garnets, many Ge'™ ions ar:
sites while many Co?" ions are in tetrahedral sites. (T
Co2t ions are to be in tetrahedral sites, else the crys

in ccatahedn
i< i= required |

course, rule out the possibility that some of the Co*" ions did go int

tetrahedral sites in the garnets discussed in that papey. but we sail

that they were few and I still think so.

In a paper, overlooked by REINEN, it was shown Ly Parpanarnc

Woop and Linares? that the tetrahedrally coordinat
has much stronger absorption than the octahedral Co® ion. In fac
that paper points out the discussions that those authors bad seith me
Our differences were resolved by just the point meniioned®: iti
possible by optical spectroscopy to observe wery sro:ll amounts ¢

tetrahedral Co®* ion, but even large amounts of ccta!=2-al Co*t it

in the presence of very small amounts of tetrahedral Co=~ ion are
observable by this technique. The oscillator strengths of tetrahedr
Co>t appear to be between about two and three orde:s of magnitue

larger than those of octahedral Co*t. This appears to e the case f

2 R. PArPALARDO, D. L. Woop and R. C. LiNARES, Jr., Opical
study of Co-doped oxide systems. IT. J. Chem. Physics 35 1001 2

net prese:

stem is ver
ov a preferens
for tetrahedral sites. That is, it does not seem possible ta force mon

Iz would be ¢
a complex vacancy type.) Now in our 1960 paper* = did not, ¢
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\vizo also1® and possibly accounts for REINEN’s conclusions about
\ jon in the garnets. In this case also, there is evidence®3.19 that
v few Ni?* ions enter tetrahedral sites in the garnets (see below).
14 the paper by Parrararpo, Woop and Linares??, they show that
vir* doped yttrium gallium garnets contain only octahedrally coor-
dinated Ni%* ions.

With regard to REINEX’s results concerning the effect of tempera-
sure on distribution, if the tetrahedral site occupancy by Co*" ions is
v, a small absolute change will result in a high-percentage change
i the tetrahedral sites. Tt is this percentage change that is seen in
nervey’s Fig.12. Thus, REINEN’s results on CayzZrCoGe;O,, imply
anly & small amount of Co?* ion in tetrahedral sites. We have also
“red our specimen of {Caz}ZrCoGe;0,, at three different temperatures:
1320°C (in air), 1190 and 1125°Cin N,. Contrary to REINEN’s findings,
the lattice constant was unchanged by these heat treatments. Also
we saw no reddish gray color; the specimen fired at 1125°C has a light
hlue-gray color.

I may also point out that in a paramagnetic resonance study of
(o* jon in yttrium gallium garnet by CHAMBERLAIN and Coorur®?,
no speetrum was observed having the §; symmetry for the tetrahedral
‘teg; only a spectrum with the Cg symmetry of the a sites was ob-
wrved, This does not mean that there were no Co®* ions in the tetra-
iiedral sites of their YGa garnet specimen, just as the observation
that the optical spectrum comes only from the tetrahedral Co®" ions
dves not mean that there are only tetrahedral Co®* ions in YGa garnet.

In the magnetic studies of the {Y3}Co,Fes 2,8i;052 and
Y3}Co Fes_»,Ge,0,, systems??, we arrived at a good accounting for
the observed results through application of the model? mentioned
carlier and results obtained 3 on ‘ther divalent ion substituted yttrium
son garnets. In the first system, that is, the one in which the Co** ion
was compensated by Si*T, samples with 0.10 < & < 1.00 were pre-
tared, while for the system with Ge!t ion compensation, specimens
with 0.20 < 2 < 2.50 were prepared. Our conclusion was: when
20 <@ < 2.20, 209, of the Co?" ions were in tetrahedral sites.
I1is demonstrates further the preference of Co®* ions for the octahedral

" R. PApparARDO, D. L. Woop and R. C. LiNares, J&., Optical absorption
'l:m of Ni-doped oxide systems. I. J. Chem. Physics 35 (1961) 1460—1478.
' J.R. CeavperLaN and R. W. CooPER, Paramagnetic resonance in

rium gallium garnet: Co®* and Mn?+. Proc. Physic. Soc. [London] S7 (1966)
Au,_{)“"ov
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sites in the garnefs. Tn these garnets, more Fe?' jon could be in
octahedral sites but apparently this does not ocecur.

The amounts of Ge'* in octahedral sites in the {Y3}Co,Ie
system are quite small:
atom per formula
when 2 = 2.20.

I wish to make it very clear that I do not argue that Co®>* i
prefers octahedral coordination in all crystals, but it surely does
the garnets. It also prefers it in its own monoxide, CoO; after
it could have chosen the zine blende structure as one form of 7Z:
does. There is also no guestion about Co*' ions entering tetrahed;
sites in some garnets;
divalent ion known to enter these sites in substantial amount. It
be that, logically, one could accept the statement that Co®* ion she.
a strong affinity for tetrahedral sites in the garnets if such statem:
were not coupled with the one that Co®* does not prefer the octahed:
sites in the garnets. In other words, relative to other divalent io:
the Co?t ion has by far a greater affinity for tetrahedral sites in 1
garnets; however, in the garnets it has a much Zigher affinity !
octahedral sites than it does for tetrahedral sites.

5-2:Ge.l
according to our estimates®, there iz ¢
unit in octahedral sites when x = 1.00 and 0 ;

If the Ni2* jons do go into tetrahedral sites in the garnets, ver

little do so indeed. This is indicated not only by the work of P
PALARDO ef al.1°° but also by some additional work that we have do:
We have investigated the system {Cag}[Zr1,»Nii »](NizGes_ ;)
analogous to the one for Co®' ion described above. A specimen wi

Z = 0.10 is not single phase. Even a new specimen with = 0.00.

somewhat suspect, but it has the same lattice constant, 12.50 LI
reported in our 1960 paper?®. The garnet phase in the a = 0.
specimen has precicely the same lattice constant. However, this
the case only if no Ge0, is lost. When GeO, is lost, lattice consta:
do change, as one would expect. Contrary to results reported !
REINEN, firings at different temperatures do not have any effect
the lattice constant of the specimens in this system provided that:
GeO, is lost. Further, no marked change in color occurs when the fir’
is carried out in N, atmosphere—even when GeO, is lost. This, al
is contrary to Rerxex’s reported results which indicate a yellow-gre
associated with the lower temperature firing.

We believe that the reason for REINEN’s observation of a char-
in lattice constant in {Ca,}ZrNiGe,0,, is not a simple redistributi
of ions. Tt results from a loss of GeO, at the higher temperatures. !

as we have said elsewhere?, it is the on-
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s.ct, when our specimen with @ = 0.00 lost 3%/, by weight of the
riginal (xOOz, the lattice constant of the garnet present was 12.515 A;
prveN’s 12.52 A for his specimen fired at the higher t(-mp(mtmc
srees with this value.

Thus, in view of the results of Parrararpo et al.1°° implying no
..trahedral Ni*™ and of our results, it may well be that the tetrahedral
it ion observed by REINEXN is in an extraneous phase present with
i« garnet. On the other hand, a loss of GeO, would require Ni** ion

. the tetrahedral sites if the specimen were single phase; however,

ar specimen which had this loss was definitely not single phase,
ad T therefore doubt that REINEXN’s was.

Distribution of ions in the {Y3}Fe; ,Ga;0;2 system

My prime task in this paper was to survey the crystal chemistry
£ the garnets. So much work has now been done on the garnets,
:hat several volumes could be written on them alone. A recent paper
{ mine19? gives a review of our work on the static magnetic behavior
~f the substituted garnets, and I shall not repeat that here. But I do
wish to point out that the model? proposed by me and my colleagues
for this magnetic behavior, provides a basis for obtaining valuable
mformation (and also for making predictions) on the crystal chemistry
f the garnets. Aside from unifying the results of magnetic measure-
wients on the substituted yttrium iron garnets when the site preferences
re essentially known, it has helped us to understand the low-tem-
rerature behavior of the substituted gadolinium iron garnets? and
the garnets in which other paramagnetic ions are substituted for the
Fe'™ jon%, It has especially given us an understanding of the very
complex {Y3}CoFes_2.Ge;012 and the analogous {Y3}Co Fes 2,5i,012
vstems %, Tt has also enabled us to determine the ionic distribution
it the systems YsFes ;Al:O127, YsFes ,Ga;01227 and {Y3 .Cas}
Fes 7 Tiz0y5 82

As an example, we show the distributions obtained for the alumi-
amand gallium substituted YFe garnet systems in Fig. 6. The method
for accomplishing this has been described elsewhere?:27. Shown also
“rt the points obtained in a nuclear resonance study 1% of the gallium

* 8. Geruer, Magnetic behavior of substituted ferrimagnotic garnets.
\rml Physics 87 (1966) 1408—1415.
"*R. L. StrEEVER and G. A. Urravo, Nuclear resonance study of gallium-
Petituted yttrium iron garnet. Physic. Rev. 139 (1965) A305—A313.
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substituted YIe garnet system. The agreement between the ty.
methods is quite good. but is actually even better than it looks ;
we take the 0°K moments that the other authors obtained for the;
specimens (sce Ref.?7).
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For x > 1.50, the distribution appears to be sensitive to specim

heat treatment and this may be part of the reason for different 0°'

moments obtained by different investigators. The importance of ¢
in specimen preparation cannot be overestimated. In many syste®
the lattice-constant measurements can give an indication of t!

- N " e
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_.ocimen quality. Smooth curves should be obtained for lattice con-

.t and moment, at a fixed temperature, vs composition. Examples
om the YsFes ;Ga;012 system are given in Figs. 7 and 8.

Fig.6 shows that for most of the composition range the Ga®* ions

s .ve a greater preference for tetrahedral sites (f; = fraction of Ga®*

r Al3* ions in tetrahedral sites) than Al** ions to & = 2.75. For

. = 2.75, the curves may coincide or cross. Unfortunately, we cannot

I I | ]
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#12.8. Spontaneous moment at 0°K vs 2 (from Ref.2?). (Seo Ref.?? for pertivent
references)

“am from static magnetic measurements anything about ionic
ilts.triblxtions in specimens with x greater than 3.00. Furthermore,
15 unlikely that the accuracy desired is attainable by diffraction
’-4'-'illli(111es,

Inregard to the diffraction techniques, a paper by FIScHER ef o] 21
Ciports to give the distributions in the systems by both x-ray and

2 ""’" P Fiscuer, W. HiLg, E. Storn and A. SeeytLrer, X-ray and neutron
'\ -'H‘:‘tloxx study of substitutional disorder in yttrium-iron-gallium garnets.
* Crystallogr. 21 (1966) 765—769.
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neutron-diffraction techniques in the range 1.3 < 2 < 4.00. 7
authors obtain a P (our f;) (which is the fraction of Ga®t ions :
tetrahedral sites) with @ 4+ 4 where 4 is only a probable crror. If t};
are using the proper terminology, their 4 is 0.6745 ¢ which is at {
509/, confidence level. Thus, all the probable errors should be mu):
plied by 4.5 to obtain limits of error (i.e. for a 99°/; confidence lev(
When this is done, the values 4- 0.06 become -- 0.27; 0.03 becon
0.14 and 0.02 becomes 0.09. This says that the methods give, at L.
compatibility with our results.

Even if the probable errors were the actual limits of error, let -
see what this would mean as far as the 0°K magnetic moment
concerned. Consider the garnet with the authors’ ¢ (our x) =2
They get f; = 0.80 4- 0.03 (it should be 0.80 - 0.14). For the low
value 0.77 the garnet formula is '

{Y3}[Fe; 5,Gag 46](Fe; 46Gay 54)04,

while for the upper limit 0.83, it is

{Y3}[Fe, 6Gagas)(Fe; 5,Gay 66) 0.

The 0°X moments for these, based on our model, would be (.
and —1.58 up, respectively, per formula unit. The difference
extremely large. For our specimen, we obtained a (nominally) ('
moment of —1.17 up from which we arrive at an f; of 0.805. But wl'
the agreement of the authors’ average value, 0.80, with ours, 0.5
is very good, the confidence in their value is very low indeed. Tix
have only a 50°/, probability that f, will lie between 0.77 and 0.
and that the expected 0°K moment per formula unit will be betw
—0.60 and —1.58 pup.

The average values of f; obtained by FiscHER et al. for x = 2.5
3.0 are not in agrecment with our values. Because the limits of en
on the FIscHER ef al. values are so high, there is no point in discus:
these differences further. I will assert that powder-diffraction meths
are unsuitable to make a physically significant determination of ¢
distribution of cations in the system YsFes_ ,Ga,012. I am skept!
of the applicability to single crystals in this system, of the x-
diffraction technique for ionic distribution determination, even
there were assurance that the composition were everywhere unifor

We can look at this in the following way. Take the case of = =
again: using the limits of error on the value of f, = 0.80 found '
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~iscner ef al., namely 4 0.14, we have for the low limit, average and
1, limit formulas, respectively :

{Y }[F el.:l‘lGaO.GS](FeLGSGa1.32)012
{Y3} [Fel.suGaO.m](Fel.mG“l_so)012
{Ya}[Fel.ssG%.m](Fex.lzGa1.ss)012 .

i n the average Z per atom in octahedral and tetrahedral sites,
smectively, are:

1)
2

3

octahedral tetrahedral
1) 25.04 5 25.64
2) 24.20 26.20
3) 23.36 26.76

- iue coherent x-rays “see” only these averages and these are fitted by

' least-squares calculation. These values, incidentally, will give
v largest differences; for higher (sin0)/2, the differences (neglecting
thermal motions) are smaller. Also, it should be kept in mind that

¥

. the first and third cases are for the limits of error not the probable error.

\‘ e

must find the cases for which we would expect the largest
~reentage differences in intensity. For the reflection 800, for example,
‘o would be no difference at all because all cations contribute
wwrructively to it. If the standard errors in the measurements were
“orm from specimen to specimen, then the authors’ Table 8 indi-
‘vsa standard error of 15.5%, in the intensity of this reflection and
- alealated difference from the observed intensity of 7.19/,.
There are reflections to which 16a, 8c and 8d site atoms contri-

“ite. (The Y3* dons in ¢ sites make the same contribution to each of

v stns.) The sums are:

4 894, 2) 885, 3) 876.

1'3‘11‘: largest difference corresponding to the range of 0.28 (not 0.06)

v 18 electrons, about 29/,. The oxygen contribution, if any,
“J.'uduce or increase this value but probably not by much; so

~ difference in intensity in this range is about 4°/,. There is no
'rf.ll":d value in Table 8 which has so small a standard error.

’. :‘.‘ul'e are reflections to which the contributions are -+ 16fs —8fa—
Phese give

atd

) 93, 2) 111, 3) 128.
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This time the difference for the 0.28 range is 35 electrons, about 32:
and the difference in intensities would be about 74°/,, if oxyg

contributions are neglected. Some of the reflections for which ti.

cituation occurs ave: 220, 620, (10, 2, 0; 862), (660, 822), (10, 6, 0; 8
cte. Let us again look at Table 3 of the authors’ paper and ag;
assuming the measurements to be of the same quality and intensi:
distribution as for x = 2, we find

hl"l : Ic.ﬂc . 'loba | 9 (Iobs)
220 ! 0.15 0.16 0.10
620 ‘ 0.01 0.00 0.10
10,2,0
862 } I 5.43 3.83 3.50
660 |
892 } { 0.78 1.25 1.30
16, .0 ‘ 2 3.09
866 | .87 Z 2.00

It is seen that for just this group which would be sensitive to t!
differences, the standard errors are very large indeed.

There is little point in further analysis of the x-ray powder metho
I hope T have made the point that most of the reflections are insen:
tive to a wide difference in the distribution, and the few that :
sensitive have large standard errors. It is probable that even t!
calculated large limits of error are conservative estimates becau
of the inclusion in the calculation of the many reflections which
not sensitive to the distribution.

In fact, one may ask why, when the difference in neutron scatteri
lengths of Ga and Fe is so much more favorable than that of the aton
scattering factors of Ga®* and Fe®*, are the error limits for the neutr
and x-ray investigation the same. Yet the R values for the neuts
intensities were 1/4 to less than 1/2 those for the x-ray intensities &
the average measurement error appears to be lower. In the case

the neutron investigation the authors used only data which wv

not from coincident nonequivalent reflections. Even with the m
favorable difference, the sensitivity is, on the average, small
nonexistent. Of 25 reflections in their Table 4, there are six which h
contributions only from oxygen atoms: 431, 541, 543, 741, 820, &
The 800 reflection, the strongest listed, is insensitive to the distri’
tion because all the cations present in the crystal contribute ©
structively to the intensity. (The agreement between the calcula!
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1 observed values for the 800 is very good too.) The 640 is another
~rong reflection. It has contributions to the structure amplitude:
16j. -+ 16fa. For z = 2.5 and the limiting compositions (0.77 - 0.14)
.54 and 0.91, we would have:

i | o3 ' tetr ‘ sum '
\ "L‘LosGﬂo‘DL’](‘FUIAZGRL:‘:S)OR 12.00 13.28 25.28
YJ}[FUIJSGRO 22 ](Fep.72Ga3.25) 0,0 12.00 12.48 24.48

The contribution from oxygen will be about 9.5 so the structure
smplitudes, neglecting thermal motions, are 34.8 and 34.0, a difference
.f about 29/, or 4%/, in intensity. This is one-half the standard error
.f the measurement, and T emphasize again that this is for the range
.28 (limits of error) not 0.06 (probable error). Needless to say,oif
we had done all the above on the basis of the 0.06 range, the results
would appear to be even less significant. i

Concluding remarks

I have included in this paper many pieces of work that we have
dune over the last five years or so and have not published previously.
~ome work has been done to check on results of others and to refute
-me conclusions by others with which I did not agree.

Now that I have finished, it seems that this paper eould make
A small book, but there are two reasons why it will not be one. First,
tiie more important one is my having been privileged by the invitation
o write this paper in honor of Professor G. MuNzER, who solved the
very important garnet structure. Second, I have been eritical (I hope
w0t too harshly) of several papers, and I think that it is infinitely
;m,[’ler for those criticized to reply, if they so desire, to a journal
ticle than to a book. But I should say that I shall not become

ouaged in any polemic as a result of this. For those who have been

i’l}ivized, I should point out that I have also criticized myself in
- few places—possibly with greater kindness. A

' ll'i“a“)', I wish to express my thanks to all my colleagues, past
“Upresent, listed in the references, for their contributions to the

« ATne -] . . . . -
‘et work, As to the erystal chemical work in particular, I wish to

ik @ e Sy . B .
— f](f-.P- Espixosa for his continued dedication to it and for his
“iibutions to the present paper.
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