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FIG. 3. %ipeout numbers extrapolated to T =0 K for
3d transition-metal impurities in aluminum.

The measured temperature dependence of the
charge-density oscillation, in our opinion, is
brought about by the localized spin fluctuations
at the impurity sites. The localized spin fluctua-
tions manifest themselves through the tempera-
ture dependence of the impurity density of states
at the Fermi level. It is worth mentioning, how-
ever, that the whole problem can be formulated
also in a little bit different way by replacing
V kuGa (i(un)V g'd in Eq. (4) by a temperature-de-
pendent scattering amplitude tkk '(iu. „). It has al-
ready been suggested' that in the Kondo model
the scattering amplitude behaves like tk& (7'; p,

+i5) =tzk (0;p+i0)I1-constT ]. So the effect re-
ported here, in principle, can also be explained
quantitatively in terms of the Kondo model. Un-
fortunately, in the framework of the Kondo model,
one cannot give a numerica, l estimation of e.
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Noncubic Magnetic Anisotropies in Flux-Grown Rare-Earth Iron Garnets
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Bell Telephone Labo~ato~ies, Mm'ray Hil/, Negro 8'e&sey 07974

(Received 9 February 1971)

Torque measurements have been performed on flux~rown magnetic garnets exhibiting,
strong noncubic anisotropies. The observed orthorhombic anisotropies are interpreted
in terms of a growth-induced pair-ordering model.

Flux-grown magnetic garnets containing var-
ious combinations of rare earths have been re-
cently reported to exhibit uniaxial magnetic an-
isotropies of the order of 10' erg/cm' at room

temperature. Noncubic magnetic properties re-
ported previously ' in flux-grown garnets have
been attributed to strains induced either during
crystalline growth or during sample preparation.
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We have found that the anisotropies reported
here cannot be readily expalined in terms of
strains alone.

We consider in detail the noncubic anisotropy
in crystals of (Y«,Eupp, Gd, »Tb, »)glpBFe„O».
For magnetic-bubble-device applications these
garnet crystals were grown by slow cooling from
1300'C in a PbO PbF, B,O, flux. ' This material
was used for the present investigations because
it was available in sufficient quantity and quality
so that a number of different samples from sev-
eral different cyrstals could be evaluated.

Garnets grow with two different types of ex-
posed facets, one type being (110], the other
1112). Therefore samples were obtained from
both types of facets in order to characterize com-
pletely any growth-related phenomena. For this
study, samples were cut from material just be-
neath, a growth facet. Care was taken to obtain
samples which grew entirely beneath a single
facet by cutting only into large cyrstals.

Two representative sets of torque curves are
shown in Fig. 1, one set each from 1110] and

1112) samples. The torque curves were obtained
on a recording torque magnetometer. The non-
cubic magnetic anisotropy was found to be essen-
tially of orthorhombic symmetry, and the three
principal planes for each sample's anisotropy
were experimentally determined. Orientation of
the samples was done by conventional x-ray
techniques, and the crystallographic directions
indicated on the abscissas of Fig. 1 are estimated
to be +2 . Fourier analysis of the curves of
Fig. 1 yielded terms of significant amplitudes
with both twofold and fourfold symmetry. The
fourfold term was assumed to be entirely due to
the cubic cyrstalline anisotropy, with the two-
fold term due to both crystalline and growth-in-
duced anisotropy.

Results from six different samples were ob-
tained in this way and are listed in Table I. A
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sample cut from beneath a (110) growth facet has
easy and hard axes parallel to the [001] and [1IO]
directions in the growth plane, while the inter-
mediate axis is parallel to the [110]direction.
A sample cut from a (112) growth facet has an
easy axis in the (I10) plane containing the [11I]

0 90 Iso 270 360
ORIENTATION OF APPLIED FIELD ( DEGREES)

FIG. 1. Measured torques plotted as a function of
applied field orientation for two different garnet sam-
ples. For all plots the field was 10 kOe. Magnetic and
crystallographic axes are shown in each plot to identify
the mutually orthogonal planes in which the field was
rotated.

Table I. Measured anisotropies in (Yp 62Eup p6Gdp g7Tbp g5)SAlp gFe4 40fp.

Growth
facet

Cubic
anisotropy

Kg

(erg/cm )

Noncubic anisotropy energy
(erg/cm )

Easy Medium Hard (deg)

(112)
(112)
(110)
(110)
(110)
(110)

-3100
-3100
-3100
-3500
-3400
-3600

1200
1200
6200
7650
6900
7500

8000
7700
7500
9200

10 200
9900

52
53
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and [112]axes, and at an angle 8=52' from the short-range ordering of cation pairs' during
[11I]toward the [112]axis. The hard axis also crystalline growth. Of the numerous possible
lies 1n this plaQe, normal to the easy ax18. The pair-ordering schemes, we have consldeI'ed
intermediate axis is the [I10]direction. Table short-range pair ordering between ions of the
I also lists the crystalline cubic anisotropy, as Iare-earth sublattice and those in the iron sub-
determined from the fourfold terms in the torque lattices. %6 consider a garnet having two types
curve s. of ions, A and 8, in the rare-earth sublattice

Two aspects of Table I should be emphasized: and the iron ions C in the two iron sublattices.
(1) The cubic anisotropies are very nearly the We treat the rare-earth-iron interaction in dipo-
same for all samples and in good agreement with lar form, which accounts exactly for dipole-di-
the total anisotropies (-3300 erg/cms), measured pole interactions and can be considered as a first
in the same samples after elimination of the non- approximat:ion to more complex mechanisms. ' "
cubic anisotropy by annealing; (2) the magnitude There are two types of relevant rare-earth-iron
of the growth-induced anisotropy varies from pair orderings. Type I involves the tetrahedral
sample to sample. This variation is significant. — irons, while type II involves the octahedral irons.
ly larger than can be attributed to experimental Treating only the nearest-neighbor iron ions, we
uncertainty and suggests that the growth-induced find that the pair bonds of type I lie along (100)
effects may have a real variation, perhaps caused directions and those of type II along (210) direc-
by differ ent growth conditions. Nevertheless, tions.
the measured values in TaMe I are consistent If we assume that the prefex ential pair or dering
enough to point to a real effect in these flux- is dependent on the orientation of the pair-bond
grown gax'nets. direction with respect to the crystal-growth facet,

Several of the major features of this noncubic we then find that the total pair anisotropy due to
anisotropy can be understood within the frame- both type-I and -II pairs under the (110) growth
work of a model' based on the development of face't may be written (in a coordinate system

where x-=[001], y= [ISO], z= [110])as

E&„0&
= 2(N„~l,)'(e, '-e, ')(n„'--,') + —', (N„~l,) [e, (o.,'+ 9o, ') + e~"(4e„'+Ba '+ Ba,')

+ e,'(16o.„'+11o,'+ 3a, ')]--', (N„cl,)~ (4e, ~+ Be,~+ 12e,~).

E~»» =-', (N„~l,)'(e, '-e, ') [n„'+ 2n, '-(2M2) u„n, -1]
+-', (X„Z,)'(e, '(12m '+2m '+6m ')+ e '[—'~ '+4o '+ —",o.'+(B~2/»&. o'. j

+ e,~[—', n„'+ o.,'+ —",n, '-(lych/ 2/3) a„n,j+ e, ~[—', n„'+ 9o.,'+-,'o,'+ (2M2/3) o„o,j+e,~(6o.„'+4o.,')J
——,'(N„ /, ) [Be, +4(e, +e,"+e, +e, )]. (2)

In Eq. (1) the magnetization has direction cosines (o.„,o.„a,), and the superscripts I and II designate
the parameteI's foI' type I and II pair ordering, respectively. The total number of AC bonds per unit
volume 18 glveQ by X~c. The term lo ling ling 18 the pail 1Qtel action coefflclent. The prefeI'ence pa-
rameters &,' represent the relative preference for each of the different AC bonds of types I and II.
Equation (1) defines an orthorhombic growth-induced anisotropy whose principal axes of the 1110)co-
ordinate system. This is the observed symmetry.

Similarly under the (112) growth facet we find (when in a coordinate system where x= [11I], y = [T10],
z =- [112])the. t

Equation (2) defines a noncubic anisotropy under
the (112) growth facet with such symmetry that
the easy axis will lie either along the [I10]axis
in the (112) plane, or alternatively somewhere
in the (T10) plane. This again is the observed
symmetry.

It is difficult to use Eqs. (1) and (2) as they
stand to make quantitative predictions because of
the large number of undetex mined parameters.

! We theI'efol 6 make Rn assumption about the an-
gular dependence of these parameters:

where 6!; is the angle between the ith bond direc-
tion and the growth-facet normal. " %6 now have
only two independent parameters —the general-
ized pair interaction coefficients (N„cl,) e„~ and
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(X„,l,)"~„,.
To account for the ordering of easy, intex'me-

diate, and hard axes seen in Table I, we find
from Eqs. (1) and (2) that for all of the samples,
the ratio 8 = (+echo) &gg/(+~cia) &~g &s always
negative, lndlcatlng that lo' and lo differ ln sign.
This result is to be expected since the pair inter-
action is of one sign for the ferromagnetically
coupled rare-earth-octahedral-iron pairs, but

of opposite sign fox the antiferromagnetically
coupled rare-earth-tetrahedral-iron pairs.

By dividing Eqs. (1) and (2) by Q = (N~cl, ) &„„
we obtain normalized expressions for the aniso-
tropy energies as a function of the ratio B. The
energies for the principal anisotropy axes are
plotted in Fig. 2 as a function of negative R with

Q negative. Also plotted for the (112) facet is
the orientation of the easy axis. The data in
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FIG. 2. Normalized induced anisotropies as predict-
ed by the pair-ordering model plotted alorg the princi-
pal axes of the induced orthorhombic anisotropy energy
surface, as a function of the ratio R. The orientation
of the easy axis under the (112) facet is also shown.
The data of Table I are plotted for A =-8 using the pre-
dicted easy axes as reference positions.

Table I are also plotted in Fig. 2, where rea-
sonable agreement of the relative magnitudes
and orientations of the measured anisotropies
with those predicted by the model is obtained
for R =-8. Fitting the data as shown implies
that [(N~&lo) e~&]»& ——1.8 x 10 erg/cm
[(&„ f,) ~„]„„=-0.2»& 10' erg/cm'. It is clear,
however, that a precise determination of these
quantities is not warranted by the available data.

The major features predicted by such a model
are observed experimentally: (1) the orienta-
tions of the noncubic anisotropies beneath both
facets relative to the crystallographic directions;
(2) the relative magnitudes of the medium and
hard axes under each facet; (3) the relationship
of the (110) anisotropy to that of the (112) aniso-
tropy for the same value of R; and (4) the sign
difference of lo and l, as reflected in the nega-
tive value of A.

Additional support for this model comes from
the fact that the noncubic anisotropy di. sappears
after annealing at temperatures above 1200'C.
Thermally activated atomic diffusion would be
expected to randomize those pairs ordered dur-
ing crystalline growth. Finally, the model con-
tains the flexibility to describe different observed
anisotropy orientations, Px'eliminary x'esults on
flux-grown (Gdo, ~Tbo»)3FesO» indicate that the
easy axis beneath the (112) facet is at 8 = -11',
while the easy axis beneath the (110) facet is
along the [1IO] axis. One obtains this orientation
in the model by changing the sign of Q, thereby
interchanging the definitions in Fig. 2 of easy
and hard axes, and subtracting 90 from the an-
gle 8. Then for 8 =-2 and Q positive, the model
predicts the observed orientations of the easy
axes in (Gdo„Tbo»), Fe,O».

Although Eqs. (1) and (2) pertain specifically to
a binary rare-earth system, they apply equally
to the more complicated garnets used in this
study, since A in the model can represent a com-
bination of some of the rare earths while 8 rep-
resents the rest. The presence of Al or Ga in
the iron sublattices can give rise to preferential
Al- Fe ox'derlng. However this palx' ox'dex'lng

is probably less significant than the xare-earth-
i.x'on pair ordex ing since the higher mobility of
the iron and Al ions" should result in little
growth-induced Al-Fe ordering remaining after
crystalline growth.

In conclusion, it can be readily shown that on
the basis of a dipole-dipole interaction only, one
needs only -1% preferential pair ordering to pro-
duce anisotropies of the order of 10 erg/cm'.
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If one considers the much stronger anisotropic
interactions' ' between rare-eaxth and iron
ions, far less than 1% preferential pairing is
probably required.
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The pair anisotropy model is extended to include the next-nearest-neighbor tetrahedral-
llon ioQS ~ AD RDlsotropy model based oQ growth iDducecl preferential site occupRtion is
derived using the pair model. With the site model the nearest-neighbor tetrahedral- and
Dearest Deighbor octRhedrRl-iron ions lead solely to R uniRxiRl RQisotropy under both
growth facets. Inclusion of the next-nearest-neighbor tetrahedral-iron ions results in
the experimentally observed orthorhombic anisotropies.

Recent experiments on flux-grown magnetic
garnets containing two or more rare earths have
shown that some of these garnets exhibit noncubic
magnetic anisotropies of the order of 10' erg/
cm at loom temperatux'e. We have earlier

prop-

osedd a pair-anisotropy model' based on the pos-
sible existence of a growth-induced preferential
pair oxdering between the rare-earth ions and
their nearest-neighbor tetrahedral-iron (NNT)
and nearest-neighbor octahedral-iron (NNO) ions.
This model has been shown to predict the ob-
served symmetries of the noncubic anisotropies, '
and to give good quantitative agreement with
roem -temperature torque measurements recently
performed on a sexies of these garnets. '

In this Letter we extend the pair model to in-
clude the next-nearest-neighbor tetrahedral-
iron (NNNT) ions as well. Although the NNNT
lons ax'e farther from the I'aI'e-eaI"tIl site than
the NNT ions, the anisotropic superexchange be-

tween the rare earths and the NNNT ions is com-
parable to if not larger than that with the NNO
ions." In addition we derive, with help of the
pair-preference model, a site-preference model
in which we assume a growth-induced preferen-
tial site occupation of the rare-earth ions in the
dodecahedral sublattice. %'e show that, unlike
the pair-prefexence model, the site-preference
model predicts only a uniaxial anisotxopy when
the NNNT ions are not considered. However,
when these ions are considered, the site-prefer-
ence model px'edicts the same orthorhombic sym-
metries for the induced anisotropies as does the
pair-preference model.

We consider a garnet crystal having two rare-
eaIth ions, A and B, in the dodecahedral sublat-
tice and the iron ions C in the tetrahedral and
octahedral sublattices. Each rare-earth ion is
bonded to (i) two NNT ions by (100) bonds, (ii) four
NNO ions by (210) bonds, and (iii) four NNT ions
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