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The electron paramagnetic resonance spectrum of a small Fe** impurity which enters substitutionally for
the gallium in single crystals of yttrium gallium garnet (chemical formula Y3GasO;2) has been examined at
24 kMc/sec at 295°K and 1.6°K. Fe3* is studied for the first time in tetrahedral coordination. The results
for the crystal field parameters that appear in the usual spin Hamiltonian for Fe3* for the octahedral () and
tetrahedral (d) sites are: @,=+0.0185 cm™, D,=—0.1294 cm™!, F,=+40.0026 cm™, a¢=+0.0062 cm™,

Dy=—0.0880 cm™, Fg=—0.0037 cm™.

The finding of @ positive in both types of sites where the cubic crystalline potential, V, has opposite signs
indicates that in the mechanism responsible for this splitting terms proportional to even powers of V are
dominant. Using the experimentally determined crystal field parameters of Fe3* in YGaG, the low-tempera-
ture anisotropy energy per unit cell in the isostructural ferrimagnet, YIG, is predicted as K;=—0.370 cm™.
This is 509 larger than the experimental value K;=—0.250 cm™ and several sources for the origin of this

discrepancy are suggested.

I. INTRODUCTION

RIVALENT iron is in a 3d% &Sy ground state,
which has no orbital angular momentum and is
spherically symmetric so that it cannot be directly
affected by any crystalline electric field. Nevertheless, a
splitting of the ground state is familiarly observed in
paramagnetic resonance experiments which is explained
as arising from a small admixture to the 6Ss state of
small amounts of higher multiplets and configurations
which are split by the crystalline electric field. The exact
nature of the mechanism of this splitting is still un-
certain involving as it does higher order processes
through the combined action of crystalline electric
field, spin-orbit coupling and spin-spin interactions.
Watanabe! has recently considered this problem in
detail (the problem is the same for Mn?t which has the
same configuration and ground state) and concluded
that any perturbation of the ground state arising from
higher multiplets of the 3d® configuration involve the
crystalline potential, V, to even powers only and will
first appear as (V?). Perturbations from higher con-
figurations such as 3d*4s can involve V to the first power
but for cubic crystalline fields are generally expected to
be less than one-tenth as effective due to their greater
separation from the ground state.

More recently, Powell, Gabriel, and Johnston? have
critized Watanabe’s results and have performed a
detailed calculation of the ground state splitting show-
ing that contributions to this splitting which are odd in
V arise from terms in d°. The sign of the coefficient C in
the cubic crystalline potential,

V=C(a*4-y'4-2'—3r9), )

at the center of an octahedron of point charges is

L H. Watanabe, Progr. Theoret. Phys. (Kyoto) 18, 405 (1957).

2M. J. D. Powell, J. R. Gabriel, and D. F. Johnston. Phys. Rev.
Letters 5, 145 (1960). The author is indebted to W. M. Walsh, Jr.
for calling this work to his attention in preprint form.

opposite to the sign of C at the center of a tetrahedron
of point charges of the same polarity. If the sign of the
ground-state splitting parameters, @, is found to be the
same for an ion in both types of coordination, then one
can at least conclude that terms even in V are still
dominant.

This point has already been verified for Mn?*t by
Watkins® who found a positive sign for ¢ for Mn?** in
ZnS and for Mn?~ in germanium (which too is in a
8Ss ground state), i.e., both cases of tetrahedral coordi-
nation, while a positive sign for « is also found for Mn?**
in octahedral coordination.*®

In yttrium gallium garnet (chemical formula
Y;3Gag0iq, hereinafter called YGaG) the small Fe im-
purity enters substitutionally as Fe*+ for the Ga in both
octahedral and tetrahedral sites at whose vertices are
found O ions. This affords us the opportunity to study
for the first time the paramagnetic resonance spectrum
of Fe¥t in tetrahedral coordination and thereby to check
that aspect of the theory which predicts that the sign of
a is essentially independent of the sign of V.

The second area of interest is the bearing of this
observed cubic crystalline field anisotropy of Fe** upon
the anisotropy of cubic ferrimagnetic crystals with
S-state ions such as the ferrites and ferrimagnetic
garnets. Until recently, the origin of the magneto-
crystalline anisotropy of cubic ferrimagnetic substances
remained a puzzle. It seemed that the several types of
energy terms that are present in a ferrimagnet should
not contribute to a magnetocrystalline anisotropy
energy. For example, the exchange energy —J8S;-S; is
isotropic and should not depend upon the orientation of
the spin system relative to the crystal axes. The

3 G. D. Watkins, Phys. Rev. 110, 986 (1958); Bull. Am. Phys.
Soc. 2, 345 (1957).

4 B. Bleaney and D. J. E. Ingram, Proc. Roy. Soc. (London)
A205, 335 (1951).

5 W. Low, Phys. Rev. 105, 792 (1957).
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magnetic dipole energy,

Sq;'Sj S(Si‘rij) (Sj'rij)

)

3 5

27 ¥ij
does contain an anisotropic term but this term can be
shown classically to average to zero in a cubic crystal.®?
While, as Van Vleck has shown,® in a quantum mechani-
cal treatment of the magnetic dipole energy of a cubic
lattice, higher order effects contribute to the anisotropy,
Yosida and Tachiki® have shown that this can account
for only approximately 109, of the observed anisotropy.
A third mechanism is the anisotropic exchange inter-
action which is produced by the combined action of
spin-orbit coupling and the exchange interaction.® Here
again calculation by Yosida and Tachiki® shows that
the contribution from this source is far too small to
account for the observed anisotropy. However, it was
recognized almost concurrently by Yosida and Tachiki,?
Wolf? and Rado and Folen'®!! that the observed anisot-
ropy of ferrimagnets was of the same order of magnitude
as the anisotropy of the Fe** ion in cubic crystal fields as
seen in paramagnetic resonance. This led them to
propose that the anisotropy does not arise from inter-
actions between the magnetic ions but is rather a single
ion property and it is this single ion crystal field anisot-
ropy averaged over the different sites of the crystal
which gives the observed ferrimagnetic anisotropy. A
fairly direct experimental check of this thesis would be
to do paramagnetic resonance in a diamagnetic crystal
which is isomorphous with the ferrimagnetic crystal and
which is doped with a small amount of the paramagnetic
ions found in the ferrimagnetic crystal. One is then pre-
sumably determining the crystal field splitting parame-
ters in a crystalline field environment that is almost
identical to the ferrimagnetic crystal. YGaG doped with
a small Fe*t impurity is a very good test sample as it is
isomorphous with the very important yttrium iron
garnet (YIG). In Sec. II a description of the experi-
mental equipment will be given. This will be followed
by the experimental results in Sec. IIL. In Sec. IV the
measured crystal field parameters of the spin Hamil-
tonian will be compared with Watanabe’s theory and in
Sec. V these parameters will be related to the measured
anisotropy of YIG.

II. EXPERIMENTAL PROCEDURE

Single crystals of yttrium gallium garnet doped with
iron were grown from the melt by J. W. Remeika and
J. W. Neilsen of these laboratories. All samples con-
tained less than 0.19 Fe which entered substitutionally

6 J. H. Van Vleck, Phys. Rev. 52, 1178 (1937).

77. 1. Kaplan, J. Chem. Phys. 22, 1709 (1954).

8 K. Yosida and M. Tachiki, Progr. Theoret. Phys. (Kyoto) 17,
331 (1957).

9 W. Wolf, Phys. Rev. 108, 1152 (1957).

10G. T. Rado and V. J. Folen, Bull. Am. Phys. Soc. 1, 132
(1956).

11V, J. Folen and G. T. Rado, J. Appl. Phys. 29, 438 (1958).
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as Fe3* for the gallium in the octahedral and tetrahedral
sites. That it did indeed enter substitutionally is im-
plicit in the paramagnetic resonance spectra observed
and the known site symmetries. However, a random
distribution of Fe*t between octahedral and tetrahedral
sites was not obtained; instead it was found that
approximately ten times as much iron lodged in octa-
hedral sites. Several efforts to obtain a more nearly
random distribution of the Fe** between the octahedral
and tetrahedral sites, by quenching the crystal from a
temperature near its melting point, proved unsuccess-
ful.”2 As a result, the resonance lines from the octahedral
spectra often swamped those from the tetrahedral
spectra and great care was needed to resolve the
tetrahedral site lines.

The paramagnetic resonance spectrometer was of the
balanced microwave bridge type with superheterodyne
detection and is shown schematically in Fig. 1. Single
crystals weighing approximately 30 milligrams were
oriented on polystyrene rods so that in one case the rod
axis coincided with a [110], while in another with a
[100] direction. The specimen was contained in a
24-kMc/sec TEo 1, circular cavity with the rod axis at
right angles to the plane of the dc magnetic field. The
magnet could be rotated about a vertical direction so
that the magnetic field could be rotated in the [110] or
[100] planes for the two different mountings. One arm
of the bridge contained the microwave reflection type
cavity, while the other contained a phase shifter and
attenuator used to balance the bridge for zero micro-
wave output off resonance. The reflection type cavity
was equipped with a variable matching device suggested
by R. Kompfner and first put into practice by J. P.
Gordon of this laboratory."* This matching device used
a short section of variable-length waveguide beyond cut-
off to couple to the normally overcoupled cavity. With a
matched cavity in one arm, the attenuator in the other
arm was usually set for maximum attenuation and was
only occasionally used along with the phase shifter to
cancel any residual reflections from the cavity arm.
From the point of view of microphonic noise, the per-
fectly matched reflection type cavity seems most
desirable. In this way both arms of the bridge are
matched. Microphonics originating in vibration of the
waveguide arm leading to the cavity and the balancing
arm of the bridge are generally phase modulations
whose effect in unbalancing the bridge will be minimal
if the reflections from each arm are minimized. While
looking at the absorption signal minimizes such phase
unbalance effects, they are further reduced by working
with matched arms.

In the initial stages of the work at room temperature,
the 2K 50 signal klystron was locked on the microwave
cavity containing the specimen by using a Pound dc

2D, Linn, Bell Telephone Laboratories (unpublished memo-
randum).
13 J, P. Gordon (private communication).
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F1c. 1. Block diagram of the electron paramagnetic resonance spectrometer.

stabilizer."* However, at very low temperatures in order
to avoid saturation of the Fe*t resonance, the power
level incident on the cavity had to be reduced to 10~7
watt or less and this gave too small a reflection from the
cavity to be able to lock with the Pound dc system. To
circumvent this difficulty, the signal klystron was
locked on an external cavity and in later work was
stabilized relative to a frequency standard based upon
a 20-Mc/sec oscillator which had a long-term stability
of a few parts in 10°.

As the magnetic field swept through resonance, the
bridge was unbalanced in amplitude and phase and
either component could be detected by means of a
60-Mc/sec phase-sensitive detector at the end of the i.f.
strip. Because of the complexity of the spectra and
overlapping of lines, it was felt that best resolution
could be obtained by looking at the absorption signal.
For the same reason, magnetic field modulation to
yield the derivative of the line seemed out of the
question as it would have easily obscured too many of
the details of the spectra. The 60-Mc/sec phase-
sensitive detector served as a narrow banding device for
the if. strip, the effective bandwidth being the band-
width of the filter at the output of the detector. Further
details of this type of detection are to be found
elsewhere.!®

The magnetic field was swept at 5 cps through the

14 R. V. Pound, Rev. Sci. Instr. 17, 490 (1946).
16 S. Geschwind, Ann. N. Y. Acad. Sci. 55, 751 (1952).

Varian V2100A power supply and the maximum sweep
amplitude obtained in this way at this frequency was ap-
proximately 150 gauss. This same modulation properly
phased was applied to the horizontal axis of the oscillo-
scope to provide a time axis for the field. The magnetic
field was measured using a nuclear magnetic resonance
apparatus by superimposing the nuclear resonance
signal on the peak of the absorption line on the oscillo- -
scope screen. For a composite picture of the spectra
over the entire field range, recorder traces were made.

III. THEORY OF THE SPECTRUM

Y GaG is isomorphous with yttrium iron garnet (YIG)
whose structure has been described in detail by Geller
and Gilleo.'® The structure is cubic and belongs to the
space group 05(10)—Za3d. There are 24 tetrahedral (d)
and 16 octahedral (a) sites per unit cell with O*~ ions at
the vertices and Ga®* at the centers of these sites. The
small iron impurity (<0.19,) enters substitutionally for
the gallium. The spectrum of Fe** can be analyzed in
terms of the following spin  Hamiltonian given by
Bleaney and Trenam!'’:

Je=gBH-S+D[S.*—35(5+1) ]
+5alS¢+5,' S — 35 (S+1) 352 +35—1)]
+ (1/180)F[35S5,4—30S5(S+1)S 242552
—6S(S+1)+352(S+1)2].  (2)

16 S, Geller and M. A. Gilleo, J. Phys. Chem. Solids 3, 30 (1957).
17 B, Bleaney and R. S. Trenam, Proc. Roy. Soc. (London) A223,
1 (1954).



366 )
-8
]
l/// /{,, 7,
’////

O Ga3* OR Fe3+

Q@ ys3+

O o*

h . [100]
\ [oo:]\I,[O'fo]

F16. 2. The positions of the tetrahedra may be visualized by
starting with regular tetrahedra inscribed in a cube whose axes are
coincident with the unit cell edges. The cube is then stretched
along a unit cell edge, (001) and then rotated about this axis
through opposite angles 8 giving rise to two types of sites for this
common axis of distortion.

Here D and F correspond to axial fields of the second
and fourth degree, respectively, with the z axis chosen
along the direction of the axial crystal field. a is the
cubic crystal field splitting parameter and £, n, ¢ are the
axes of the cubic crystalline fields, none of which, in
general, need coincide with the z axis. Each octahedron
is distorted by a stretching along one of its threefold axes
and has site symmetry Cs; with the trigonal axes coin-
ciding with one of the [111] directions of the crystal.

0 Ga®* OR Fe3+

Ooz-

Fic. 3. Two nonequivalent octahedral sites can be associated
with each of the (111) axes. The position of these octahedra may
be visualized by starting from a pair of regular octahedra inscribed
in cubes whose edges are parallel to the crystal axes, (100). The
octahedra are first distorted by stretching along a (111) direction.
They are then rotated about this crystal (111) direction through
opposite angles a. These are the sites (e:) and (a2) described in the
text.

GESCHWIND

The tetrahedra are distorted by a pulling along one of
their fourfold rotary-inversion axes and have site sym-
metry Sy, with the tetragonal axes along any one of the
[100] directions of the crystal. The axial distortions are
fairly severe and give rise to an axial term in the spin
Hamiltonian for each site which is considerably larger
than the cubic term. Even among those sites having a
common axis of distortion there are two types which are
distinguished from each other by a rotation in opposite
directions about the axis. (See Figs. 2 and 3.) Thus there
are 14 nonequivalent sites for the Fe** impurity as far
as crystal field orientation is concerned. With the
magnetic field in a general direction, this will give rise to
70 lines, corresponding to AS,= =1 transitions, five for
each nonequivalent site. The situation is simplified,
however, by confining the magnetic field to a principal
plane such as a (110) or (100), and even further

[o01]
& @2)

/5@1)

[110]

I'16. 4. Projection onto the (111) plane of the cubic crystal field
axes of the octahedra, the unit-cell edges and the external magnetic
field. All angles are measured in the (111) plane.

simplification results with the magnetic field along a
[100] or [1117] direction.

It is convenient to rewrite the spin Hamiltonian
relative to a set of axes which more specifically express
the point symmetry of the octahedral and tetrahedral
sites.

Octahedral site (C3.):

JC=gBH.S, cosf+1gBH sinf(S++S_)
+D[S2—31S(S+1)]
—(1/180) (a—F){355,*—30S(S+1)S2+2552
—6S(S+1)+352(S+1)%}
4 (aV2/36)[[S 3B #FO LS 3g—id(eFa))
-+ (S+3ei3( eFa) L G 3,—i3( wzFa))Sz]‘ (3)
Here, as before, the z axis is along the axis of distortion

of the octahedron (a (111) direction), and the x axis is
chosen to coincide with the projection of H upon a plane
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¥F16. 5. Spectra ob-
served with the mag-
netic field along a [111]
direction. There are two
octahedral spectra, one
corresponding to §=0°
and three coincident
spectra at 8="70.5° cor-
responding to the angle
between Hg. and the
other three body di-
gonals.
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perpendicular to z. 6 is the angle between H and z.
Sy=S:+1S, and S_=5,—1S,. The remaining angles
are illustrated in Fig. 4. « is the angle through which the
octahedra are rotated about the z axis, away from the
position where the cubic crystal field axes would coincide
with the unit-cell edges. ¢ is the angle between H, and
the projection of one of the unit-cell edges onto the (111)
plane. The Fa distinguish between the two types of
sites (e1) and (as) rotated from each other by 2« about
a common % axis. '

Tetrahedral site (Sq):

JC=gBHS cosb+3gBH sinf(S;.+S-)
+D[S2—15(S+1)]
4+ (1/120) (a+2F)[35S.,A— 305 (S+1)S.2
+2552—6S(S+1)+352(S+1)2] '

+ (a/48)[[S teit( e£B - S_tg=ittek®) ] (4)

Here ¢ is the angle between H, and the unit-cell edges
and B is the angle of rotation of the cubic axes of the
tetrahedra about their z axes away from the position
where their cubic crystal field axes would coincide with
the unit-cell edges. (See Fig. 2.)

With the magnetic field parallel to the z axis (parallel
spectrum) the Hamiltonian is diagonal except for the
azimuthal terms in powers of S} and S_ which in our
case amount to a small second order correction. In this
case, the fields for resonance at fixed microwave fre-

| I
8 9 10 1 12 13 14
Hpc IN KILOGAUSS

quency corresponding to the AS,==1 transitions are
given by the following expressions:

Octahedral Sites
4 20 a2
+3—> 45 Hyy=HF4D+t~-(a—F)————,
3 27 Hy 542D
5 20 a
+3—+§: Hyy=HyF2DF—(a—F)+——-, (5)
3 27 Hy 472D
20 1 1
—3o+k: H3=Ho-—““’( —).
27 \H3;+2D H;—2D
Tetrahedral Sites
+3§— +§=H, ;=HF4DF2(a+2F)
5 ( 1 1 )
__._aZ —_ R
16 Hl,siD H,+D
:!:%—-):I:%=H2,4=H0:1:2D:!:%(a+%F) ( )
6
5 a?
16 Hy i D

—3— +3=H3;=H,,
H0=hv/gﬁ

While there are closed expressions for the resonance
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TasLe I. Ground-state crystal field splitting parameters of Fe3* in yttrium gallium garnet (YGaG) in cm™.

Octahedral [ (a) site]

Tetrahedral [ (d) site]

295°K 4.2°K 295°K 4.2°K
D —0.1295+-0.0003 —0.13204-0.0004 —0.08854-0.0005 —0.0880-0.0006
a +-0.0185+-0.0003 +4-0.0189-:0.0007 —+0.0062+-0.0003 -0.0062+-0.0004
F -+0.0026=0.0004 -+0.00344-0.0007 —0.00374-0.0004 —0.0038-0.0005
g 2.003+0.001 2.0047-0.0005

fields for the parallel spectrum, they are relatively un-
wieldy compared to the approximate formulas above,
which have more than sufficient accuracy for our case.
The fields for resonance in Eq. (5) have been given
previously in this form by Kornienko and Prokhorov?s
for Fe*t in Al;O3, however, we disagree in the matter of
signs in several places.

In the denominators of the terms in ¢? ¢, and F have
been neglected compared to H and D. At 24 kMc/sec
the terms in ¢® amount to a very small correction and
can be initially neglected. This correction can be in-
serted after ¢ has been determined. Thus, from the
parallel spectrum of the octahedral site D, and (@,—F)
can be determined and similarly for the tetrahedral site
D, and (a;+%F;) can be found. Only the relative signs
of D, and (a,—F,) and D; and (a,+3%F,) can be found
at room temperature, the absolute signs are determined
by observation of the relative intensity of the lines at
4.2°K. The determination of ¢ will be described in the
next section.

IV. EXPERIMENTAL RESULTS

We initially confine our attention to the octahedral
sites. With the magnetic field applied along a [111]
direction one observes the five AS,==1 lines corre-
sponding to those octahedral sites whose axes of dis-
tortion lie along this particular [111] direction. These
lines are labeled 6=0° in Fig. 5. The intensity of the
lines moving out from either side of center should be in
the ratio 9:8:5. While the peak intensities do not follow
these ratios, presumably due to crystal field broadening
of the outer components, the integrated intensities are
in fair agreement with these ratios. The z axes of the
remaining octahedra lie along the three other (111)
directions and all will make angles of 70.5° with the
applied field and their spectra will coincide. Their posi-
tions in Fig. 5 can be seen to agree with the fields for
resonance, Hs, at §=70.5° in Fig. 6, where H, has
been plotted versus  with the magnetic field rotated in
the (110) plane.

From this parallel spectrum D and (¢—F) can be
determined from Eq. (5), neglecting the second order
terms, with relative signs. The increase at low tempera-
ture of the outside low-field line relative to the outside
high-field line labels these transitions, respectively, as
the —%— —% and +£-— 43§ and establishes D as

181, S. Kornienko and A. M. Prokhorov, J. Exptl. Theoret.

Phys. (U.S.S.R.) 33, 805 (1957) [translation Soviet Phys.—JETP
6(33), 620 (1958) 1.

negative. The final results are listed in Table I, where
the crystal field parameters are given in cm™, and may
be expressed in oersteds as is often done by multiplying
by c¢h/g3=2.1412X10%/g. Here ¢ is the velocity of
light, % is Planck’s constant, 8 is the Bohr magneton,
and g is the g value of the ion in question.

The other unlabeled lines which appear at low field
correspond to AS,= -2 transitions. In addition, several
other less intense lines which appear at low temperature
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F16. 6. Field for resonance vs 6 of the AS,==1 lines for the
octahedral sites distorted along the [1117] direction, with the mag-
netic field rotated in the (110) plane. In this plane there is no ¢
splitting. Spectra from the octahedral sites distorted along the
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F16. 7. Spectra observed with H
along a [100] direction. The sharp
lineriding on the +3% — +3 transi-
tion of the octahedral site is com-
posed of two coincident —% — +3,
6=90° lines of the tetrahedral
sites.
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have been tentatively identified as arising from the
platinum which diffused into the melt from the platinum
crucibles in which the crystals were grown.

Turning now to the tetrahedral sites, with the
magnetic field along a [1007] direction we will observe
the five AS,= =1 lines of the parallel spectrum for those
tetrahedral sites whose axes of distortion are along that
particular [100] direction as shown in Fig. 7. The low-
field (—% — —$%) line is coincident with a Am=2 tran-
sition of Fe*" in the much more heavily doped (a) sites
which masks it. This recording illustrates how much less
iron entered the tetrahedral sites as compared to the
octahedral sites. The most prominent feature of this
spectrum is still the octahedral site lines, all octahedral
sites being equivalent with H along a [100] direction,
their 2 axes making an angle of 54.75° with H. With H
parallel to the [100] direction, one also observes the
right-angle spectrum of those tetrahedral sites whose
z axes lie along the [010] and [001] directions.
Normally, these lines should be twice as intense as the
parallel spectrum as there are twice as many sites. How-
ever, as mentioned earlier, crystal field variations due
to imperfections broaden the lines away from §=0. The
integrated intensities of corresponding lines should still
be 2:1, however, only a qualitative check of this was
possible as the tetrahedral site lines were so much
weaker and were often masked by the much more
intense lines of the octahedral sites. This also made it
difficult to follow all the tetrahedral site lines as the
magnetic field was changed.

The value for D and for the tetrahedral sites is given
in Table I.

Determination of a

The manner in which ¢ was determined independently
of F, for both sites, is most conveniently illustrated for

1
7 8 9 10 1 12
Hpc IN KILOGAUSS

the case of the tetrahedral sites ¥From the Hamiltonian
given in Eq. (4) it is seen that ¢ appears independently
of F as an ae*? term, so that if H is varied azimuthally
in such a way as to keep 6 constant then the resultant
variation in the spectrum will reflect the influence of a.
This was easily done by rotating H in a (001) plane and
observing the —%— 4% transition. Among those
tetrahedral sites having their z axes along the [001]
direction there are two types, which we call d; and ds,
distinguished from each other in that they are rotated
about this [0017] direction from a position where the
cubic axes of the tetrahedra are coincident with the
unit-cell edges, through angles 48 and —g, respectively.
(See Fig. 2.)

As H,. is rotated in the (001) plane these two sites
will give rise to two distinct spectra corresponding to
the term

a[Syle oD .5 _te=itoxB)]

in the Hamiltonian given in Eq. (4). This is illustrated
in Fig. 8 for the —% — % transition. The variation of
this spectrum with ¢ is in first order of the form
Caa cos[4(p=B)], where ¢ is the angle between H and
the [100] direction. Note that this ¢ splitting is not
observed for either octahedral or tetrahedral cases with
H in a (110) plane; for H, then makes the same angle
©=060° with the (a,) and (a2) sites and the same angle
¢=45° for the (d;) and (d,) sites. Cq is found by first
diagonalizing the Hamiltonian for 6=90° neglecting
the e*¢ terms, and using the values of D and (a+%F)
determined from the parallel spectrum, with the ap-
propriate signs as determined at low temperature. The
diagonalization was done on a 704 computer. With the
new wave functions y;, the first order contribution,
(Y| aSyte™ (e +c.c.|¢s), of the neglected terms to the
energy of the S,==-% levels are calculated, yielding an
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additional term & cos[4(¢==83)] in the energy difference
(Wy3—W_y) for 6=90°. With (W,;—W_;) kept con-
stant (fixed frequency experiment) this will correspond
to a term Caaq cos[4(e=6)] in the field for resonance
where C4 was found to be C4=+-0.426. Using this value
of C4 and referring to the experimental results of Fig. 8,
@ including sign could be found if 8 were known, i.e., the
position of the cubic crystalline field axes. These axes
will, of course, coincide with the turning points of the
spectra, but because of the two sites we cannot tell from
the microwave measurements alone whether 8=16.5° or
28.5°, and the two choices will give opposite signs for a.
However, in the isostructural YIG, 8 was found to be
15.6° and we would expect it to be very much the same
here so that we can rule out with certainty 28.5° and
conclude therefore, that @ is positive and equal to
-+0.0062 cm™.

Turning to the octahedral site, o appears inde-
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F1c. 9. ¢ splitting of the —} — +3 transition of Fe?* in the
octahedral site with H rotated in a (001) plane. 6 is not constant
for the octahedral sites as Hgy. is rotated in this plane.

pendently of F as an a¢** ¢ term in the Hamiltonian of
Eq. (3). If we again try to keep the axial terms constant
and vary H azimuthally at 6=90°, we find, however, no
variation in the spectrum at all. This is due to the fact
that the cubic anisotropy (S,*+S,*+S.%) is constant in
all directions at right angles to its threefold axes, i.e., in
a plane perpendicular to the [1117] direction. One could
surmount this problem by keeping the field direction
fixed and rotating the crystal about the ¢ axis in such a
way that this axis is always at a fixed angle to the field.
In this way 6 could remain at a fixed angle to the field
other than 90° and we would find an azimuthal variation
in the spectrum.’® However, to do this proved experi-
mentally inconvenient, especially at low temperatures,
and the following compromise was made. We studied the
variation of the —% — 4% transition as H was rotated
in the (001) plane with the experimental results indi-
cated in Fig. 9. Starting at the [100] direction, all z axes
of the octahedral sites make the same angle of §=54.75°
with H. When H is rotated to a [1107] direction, n=45°,
the sites with their z axes along the [111Jand [1117] will
have §=90°, while those whose z-axes are along the
[111] and [111] directions will have cos™'6=(2/3)%.
Thus there is a large § variation in the spectra. How-
ever, there will be a further splitting on each ¢ branch
due to the two types of sites rotated from each other
by 2a as shown schematically in Figs. 3 and 4. It was
this ¢ splitting on the §=354.75° to the 6=35.25°
branch that was utilized to determine « similar to the
procedure for the tetrahedral site, except that now the
Hamiltonian had to be diagonalized at several values of
6. This resulted in a perturbation of the form a.C.
cos[3(p=a)], where now C, was different for each 6.
The final result is |a.| =0.0185 cm~'. This value of
|as| for octahedral oxygen coordination is comparable
to the value found by Low?® for Fe* in MgO and by

1 E. Shulz-DuBois (private communication).
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Miiller® in SrTiOs, but somewhat smaller than |a.| in
Al,0,.1821

To find the sign of a4, a knowledge of « is required.
If the angle « were 30° then there would be no way i
principle to determine the sign of @, as the two sites
would be 60° apart and the e®#(¢£% term would simply
introduce a sign change between the ¢ spectra of the
two sites. OQur experimental results indicate a=28° or
a=232° If we choose @=28° on the basis that this is
closer to the angle @=28.6° found in YIG, we get a
positive sign of @. One can look at this question the other
way around and cite strong evidence from other direc-
tions to support a positive ¢ and conclude @ posterior:
that «=28°. This evidence comes from the positive a
found by Low® for Fe** in similar octahedral oxygen
coordination as well as the positive value of (a—F)
found in this experiment. To assume a negative ¢ would
imply a value of F almost one-fourth as large as D which
is highly unlikely as F is a fourth order term compared
to D which is a second order term.

V. DISCUSSION OF RESULTS

1. Relationship of Results to Crystal
Field Theory

We wish to make here a few brief observations on the
bearing of the experimental results for D and ¢ upon
the theory of the crystal field splitting of the ground
state of S-state ions.

As pointed out in the introduction, Watanabe’s theory
of the splitting of .S-state ions in cubic fields predicted
that e~V? (V is the cubic crystalline potential) if
perturbations by states derived only from the 3d°
configuration are considered. Perturbations from states
derived from higher configurations such as 3d%s
would give a contribution proportional to ¥ but would
be expected to be a few orders of magnitude smaller.
This can be estimated as follows. Processes contributing
to ¢ involving terms of d® only are of the order!

\V2/(AE)S, (7)

where A is the spin-orbit coupling constant, V is the
cubic crystalline potential, and AE is an average
separation of theSS ground state from the excited states
in @b. This is to be compared with processes linear in V
which involve the excited configurations and which are
of order®

AV /(Ae)Y, : (8)

where Ae is an average separation of the excited con-
figurations (i.e., 3¢*4d) from the S ground state. Taking
V~10* cm™, AE=3X10* cm™ and Ae~10% cm™, it is
seen that perturbations from terms within d® are about
100 times more effective.

20 K. A. Miiller, Helv. Phys. Acta 31, 173 (1957).

2 G. S. Bogel and H. I. Symmons, Proc. Phys. Soc. (London)
73, 531 (1959).

2 M. H. L. Pryce, Phys. Rev. 80, 1107 (1950).
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Our experimental results have shown that a is positive
for Fe** in both (a) and (d) sites even though the poten-
tials are different in sign. As a matter of fact all the
experimental data for 853(3d%) seems to indicate that a
is always positive in both coordinations and for a
variety of ligands, i.e., water, oxygen, sulfur, etc. We
have previously shown that a negative @ for Fe*t in the
alums was in error and that @ is positive in these com-
pounds as well.? This could have been inferred from the
result of Bleaney and Trenam!’ that ¢ and D for Fe3* in
methylamine sulfate had the same sign in conjunction
with the data of Cooke, Meyer, and Wolf?* who found
D positive from specific heat measurements in ferric
methyl ammonium sulfate. This might all be taken as
support for that aspect of the theory which predicts
a~ V2%

However, Powell, Gabriel, and Johnston? have re-
examined Watanabe’s argument which led one to
expect that only contributions even in V arise from
terms in d° They point out that in going from a picture
of electrons to one of holes the sign of A as well as V'
changes so that one may have odd powers in ¥ and A
simulatneously. This has also been shown by Lacroix2®
by the use of very general group theoretical methods.
The calculation of Powell, Gabriel, and Johnston shows
that indeed contributions odd in V arise from terms in
d®. A contribution of this nature, for example, would
involve V to the first power and AL-S to the fifth
power. At first glance the appearance of the spin
operator to the fifth power may seem awkward as we
should like to derive a quartic spin Hamiltonian from
this perturbation. However, assuming the correctness
of their calculation implies of necessity that such a
reduction from fifth powers of spin to fourth power by
the use of the spin commutation relations must take
place.

On the experimental side, the fact that ¢ is invariably
found to be positive, independent of the sign of V,
must now be regarded as only establishing the dominance
of terms even in V.27 Their calculation is in agreement
with this experimental fact, for even though « is not an
even function of V' it is nonetheless positive for both
positive and negative V for reasonable values of V.

One might go even further and examine how the
relative magnitudes of the a’s for the (¢) and (d) sites
compare with each other using a naive point-charge
model. The constant C appearing in the cubic potential
[Eq. (1)]is —(35/9)g/d® and +(35/4)g/d® for tetra-
hedral and octahedral sites, respectively, where d is

2 S. Geschwind, Phys. Rev. Letters 3, 207 (1959).

2 A. H. Cooke, H. Meyer, and W. P. Wolf, Proc. Roy. Soc.
(London) A237, 404 (1956).

25 The author is indebted to Dr. H. Meyer and Dr. W. P. Wolf
for pointing this out.

26 R. Lacroix, Helv. Phys. Acta 30, 478 (1957).

27 A negative value of a~—1.0X10"* cm™ was needed by
Watkins to explain the spectra of Mn?" in NaCl; G. D. Watkins,
Phys. Rev. 113, 79 (1959). However, while such a small value of a
is consistent with very small values of Dy in the table of reference
2, it could also arise from excited configurations,
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the distance from the center of the site to the charges
located at the corners. If a~7V? then a./aq
= (9/4)2(d4/d,)". Using the Fe—O distances given by
Geller and Gilleo'® for YIG, d;=1.88 A, and d,=2.00 A,
one predicts @q/aq=2.724:0.3 the error arising from the
uncertainty in d. This is in very good agreement with
our experimental value 3.00=0.1 from Table I. While
the point-charge model is an oversimplification it might
have some validity in relative comparisons of this sort in
cases where the bonding is fairly ionic, i.e., fluorine and
oxygen coordination. One would not expect it to work
in more covalent cases such as sulfur coordination.
Turning to the axial field splitting parameter, D is
found to be positive for Fe*t in Al,032 while it is
negative in YGaG for both sites. It is therefore apparent
that terms linear in V., in the axial field splitting of the
ground state are effective and therefore the admixing of
higher configurations is involved. This term could
arise from a process proposed by Pryce? of the type

(65 (3d®) | Viss| 8D (3d44s) )(°D (3d*4s| Vx| 85 (3d°) )
W (8S)— W (°D)

» (9

where V.. is the axial crystal potential, and Vs the
spin-spin interaction energy. A calculation using a point
charge model indeed shows opposite signs for V' in Al;O;
compared to YGaG. However, a closer examination of
all the available experimental evidence on Fe**, which
will be reported later, suggests that a small term
quadratic in V may also be effective. This again can
airse from terms of 3d° and is of the form, for example of!

(*S|NL-S|4P)(P| Vx| *D){(*D| Vx| *P)(*P|\L- 8| oS)
[W(S)—=WEP) LW (S) = WD) W (S) =W (P)T
(10)

If we take Vux~10®° cm™ and Ve~1 cm™ and
A=400 cm™!, AE=3X10* cm™, and Ae=10% cm™, it is
seen that Eq. (9) and Eq. (10) are the same order of
magnitude so that unlike the case of the cubic potential,
terms both linear and quadratic in V,.x may be expected
to contribute almost equally to D.

These order of magnitude estimates are tendered
with caution as a more detailed examination of the
problem must consider overlap and covalent effects, for
example, as indicated recently by Kondo.?® A fuller
summary of all the experimental data pertinent to the
problem will appear in a forthcoming publication.

2. Anisotropy of YIG

The crystal field parameters @, D, F reflect the anisot-
ropy energy of an individual isolated Fe3* ion relative to
the orientation of its spin with respect to the local
crystal field axes. The ‘“single ion” theory of ferri-
magnetic anisotropy proposes that in a ferrimagnet the

28 T, Kondo, Progr. Theoret. Phys. (Kyoto) 23, 106 (1960).
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anisotropy energy is given by summing the individual
anisotropy of each ion over all crystal sites. The spin
orientation of the ion will be determined by the Weiss
molecular field whose direction will be called Z, and
which has direction cosines a, as, and a3 with respect to
the unit cell edges. Let the direction cosines of the local
cubic crystal field axes with respect to the Weiss field be
#1, 19, and #nz and let  be the angle between the Weiss
field and the axial crystal field. Then the local anisotropy
of an Fe’t ion is given by

[Ea(ni*+nat4ns)+ (35/180)F cos*d]
X{5[35(52*)—305(S+1)(Sz?)
+352(S+1)2—6S5(S+1)+25(S22) T}

+[3D cos?0]{3(Sz*)—S(S+1)}, (11)

where Sz is now the projection of .S along the Weiss field
and terms in cos?¢ multiplying F have been omitted as
they do not contribute to the cubic anisotropy. This
expression was derived for the ¢ term by Yosida and
Tachiki,® and an obvious extension of their method
gives the F and D terms. Higher order terms in D?/gBH
have been neglected as our result for D indicates they
are less than 10~ cm™.. The terms in curly brackets are
temperature factors calculated by Yosida and Tachiki®
and Wolf.® In Wolf’s notation the term in curled
brackets containing Sz* is equal to —3r(y), where
r(y) — —% as T— 0 and 7(y) — 0 as T approaches the
Curie temperature. The term cos?d averaged over either
the four different body diagonals or the three cube edges
gives a constant term, so that in first order the term in
D does not contribute to the cubic anisotropy. We are
thus left with the terms in ¢ and F where (n:*+n2*+n3%)
and cos’f are to be averaged over the different sites
whose crystal field axes are oriented differently with
respect to the unit-cell axes.

In averaging the term (n:'+ns'+ns?) care must be
taken in the selection of the local cubic axes for the dis-
torted octahedra. As the distortion is along a [111]
direction the cubic crystal field axes do #ot coincide with
the body diagonals of the octahedron. Besides showing a
threefold symmetry with respect to the direction of
distortion, the cubic crystal field axes must be perpen-
dicular to each other. This results in a slight alteration
of Cooper’s result for this average but could be signifi-
cant in cases of more severe distortions.

It is convenient to express this average in terms of
the angles « and G referred to earlier which measured the
rotation away from coincidence with the unit cell edges
of the cubic axes of the octahedral and tetrahedral sites
respectively about their axes of distortion. If the anisot-
ropy energy is expressed as Ki(ala?4ales+ai’as?),
then in terms of these angles the anisotropy constant
per umit cell (24 tetrahedral plus 16 octahedral sites)
becomes

K,=[as(14410 cos4B)+ (28/3)F 4 Jra(v)
+[a.(16/27) (7420 cos3a)— (112/27)F, Jro(y). (12)
2 B, R. Cooper, Phys. Rev. 112, 395 (1959).
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The angles o and 3 are given in terms of the oxygen
parameters x, y, and z of the lattice by

tana=3V3(y—x)/[z—3(x+y)],  (13)
tan(ir—B)=y/(i—2). (14)

The notation K4 and K, is introduced for the coefficients
of 74(y) and 7,(y) in Eq. (12), i.e.,

K1=Kd1’d(y)+Ku1’a(y). (15)

From the oxygen parameters of YIG given by Geller
and Gilleo'® it is found that o =28.6° and 3=15.4° which
when substituted into Eq. (12) along with the values a
and F from Table I yield the values K, and K, in
column 1 of Table II.

Rodrigue, Meyer, and Jones® have used Pauthenet’s™
magnetization data for the (a) and (d) sublattices to
determine 74(y) and 7,(y) and have then fitted their
measured anisotropy of YIG to Eq. (15) to determine
the coefficient K4(y) and K,(y).? Their results are
listed in the second column of Table IT where they are
compared with the values of K, and K, calculated
from the experimentally determined crystal field param-
eters of YGaG. While the values of K, are in fair agree-
ment it is seen that the values of K, differ by about a
factor of ten. Note also that the numerical result of this
molecular field fit has been to place the burden of the
anisotropy almost completely upon the tetrahedral sites.
Even if one had misgivings about the applicability of
molecular field theory here, one would at least hope for
better agreement at 7'=0°K, where {S.)=13 independent
of any molecular field assumption so that 7g=7,=—3.
Ifra=7,= —$%isinserted in Eq. (12) we find K;(7T=0°K)
=—0.37 crn~1 compared to the experimental value of
K;=-—0.241 cm—1.3° Thus, we see that the experimental
result for K; of YIG differs by about 509, from that
predicted theoretically when using the crystal field
parameters ¢ and F found for YGaG.

One is led to speculate about the source of the
discrepancy.

(a) We initially look for an explanation within the
framework of the “single ion” theory of anisotropy.
Perhaps the parameters ¢ and F are sufficiently different

TasrE II. Comparison of calculated anisotropy per unit cell of
(a) and (@) sublattices of YIG using crystal field parameters of
Table I, with values deduced from measured anisotropy and
molecular field theory fit.

Using @ and F
from Table I

Rodrigue, Meyer,
and Jones®

66X 1073 cm™!
82X 1073 cm™!

—6.4X107% cm™!

K, (16 octahedral sites)
1011073 cm™

K4 (24 tetrahedral sites)

® G. P. Rodrigue, H. Meyer, and R. V. Jones, J. Appl. Phys.
31, 376S (1960).

aR. Pauthenet, Ann. phys. 13, 424 (1958).

¥ Previous attempts“' 827 to determine values of ¢ in tetrahedral
coordination, by fitting to the experimental anisotropy in ferrites
and garnets have predicted the wrong sign of a.
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in YIG compared to YGaG so that one is not justified in
substituting the values of a and F determined in the
magnetically dilute crystal. This suggestion is reason-
able only in so far as F is concerned. In this connection,
while no great variation is found in @ for Fe** in octa-
hedral oxygen coordination, F is very sensitive to the

distortion of the octahedron.® One would need values

of F almost three times larger than found here to
explain the observed anisotropy of YIG. This may not
be unreasonable, i.e., Fe** in Al,0; has F~100 gauss.18:2!
Along this same line of thought, Kaminow?* finds in his
pressure experiments a 79, change in K; in YIG for a
one-half per cent change in volume. If we assume that
the Fe— O distance follows the bulk volume compression
then if a~ V? cubic, we expect da/a= (8V/V )13, which
for a one-half percent volume change would only predict
a change in K; of 1.7%,. Therefore, the larger percentage
change in K, that Kaminow observes probably reflects
a change in F, more so than that of ¢, due to a change in
the oxygen parameters, and further supports the
expectation of significant variations in F between YIG
and YGaG.3%

(b) The cubic crystal field axes may not be given
simply by the six nearest oxygen neighbors but next
nearest neighbors may be playing a role. In this case, the
angle « in Eq. (12) would be further rotated. Note that
an angle a=236.8° will result in the vanishing of the
contribution of g, to the anisotropy. However, a simple
point-charge calculation shows that this added rotation
could not amount to more than one degree. In addition,
this angle as determined from the paramagnetic reso-
nance experiments in YGaG reflects the local cubic
crystal field at the site due to all the remaining charges
in the crystal. Again, it is difficult to see how this angle
could vary as much as from 28° in YGaG to 35°in YIG,
which is needed to explain the results.

(c¢) A small impurity may be contributing strongly to
the anisotropy. Dillon has succeeded in modifying the
anisotropy of YIG by incorporating fractional per-
centages of silicon into the lattice which presumably
forces a corresponding amount of iron into the divalent
state. However, the chief effect was to introduce higher
anisotropy terms rather than severely modify K,.3%

We return now for an explanation of this discrepancy
to processes which involve interactions between the
spins.

" (d) Walker®” has made the suggestion that since the
spins are really not aligned in the ground state of a
ferrimagnet, the anisotropy will be substantially reduced
below that of the aligned state. Preliminary calculations

3 J. F. Dillon, Jr. (private communication).

# J. Kaminow, quoted in reference 30.

3 Note added in proof. Folen has also cited evidence for a sig-
nificant variation in the F parameter between the ordered and
disordered state in lithium ferrite [V. J. Folen, J. Appl. Phys. 31,
166S (1960)7].

36 J. F. Dillon, Jr. (private communication).

37 I.. R. Walker, J. Appl. Phys., 32, Suppl. (1961).
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by him indicate that this effect may in fact resolve the
remaining discrepancy.

(e) Finally, since the disagreement with experiment
is only 509, one should perhaps reconsider refining the
calculation of the dipole-dipole interaction which ac-

cording to Yosida and Tachiki® gives in MnFe;04 a:

value of K; approximately 109, of the observed
anisotropy.

In conclusion although there is a 509, disagreement
between the observed and calculated anisotropy of
YIG at T=0°K, using the crystal field parameters of
YGaG, we feel that the major portion of the anisotropy
in cubic ferrimagnets arises from the cubic crystal field

GESCHWIND

splittings and that the remaining discrepancy could be
explained by any one or combination of items (a) to (e).
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Sputtering of Silicon with A*? Ions
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A gravimetric technique involving a sensitive quartz microbalance was used for the determination of
sputtering yields for the argon ion-bombardment of silicon. The sputtering yield for A*2 ions was deduced
from the results of experiments in which the relative concentrations of A* and A*2ions were varied in a known
manner. On the assumption that sputtering is a kinetic-energy-controlled phenomenon, we would expect
SE(A*2) =S5 (At), where S is the number of atoms sputtered by an impinging ion of energy . This investi-
gation showed, however, that Sz(A*2)=~4S,z(A+). This indicates the influence in the sputtering process
of some other factor in addition to the ion kinetic energy.

N investigation of the sputtering of silicon with
argon ions has provided information of the relative
effectiveness of singly and doubly charged ions in the
sputtering process. The presence of doubly charged ions
in the discharge used for sputtering measurements has
been found to have caused an overestimation of low-
energy sputtering yields.! In this work a gravimetric
technique involving a sensitive quartz microbalance in
ultrahigh vacuum was used for in situ measurement of
sputtering yields. Weight changes of 0.13 ug (equivalent
to 10% silicon atoms) with a maximum deviation of
+0.06 ug were detectable. The vacuum microbalance
apparatus and its application to sputtering studies has
been described in other publications.>® The experi-
mental procedure consisted essentially of the measure-
ment of a weight change produced by bombardment of a
sample with ions extracted from a thermionically sup-
ported low pressure discharge. Argon pressures were
5X10~* to 10~* mm Hg. Discharge conditions were such
that the ion energies were well defined and ion incidence

1 R. Stuart and G. Wehner, Phys. Rev. Letters 4, 409 (1960).
- 2S. P. Wolsky, Phys. Rev. 108, 1131 (1957).

3S. P. Wolsky and E. J. Zdanuk, Proceedings of the U. S. Army
Signal Research and Development Laboratories Conference on
Vacuum Microbalance Techniques, I'ort Monmouth, New Jersey,
January, 1960 (unpublished).

was predominantly normal to the target surface. A
plasma potential of —4 volts (with respect to ground)
has been determined from probe measurements.? Cur-
rent densities of 1 to 17 pa/cm? were employed, with a
total of 10! to 10'° ions being involved in any one experi-
ment. The samples were high-purity oxygen-free (111)-
oriented single-crystal slices, 0.05-0.1 mm thick, with
total surface areas of 7-10 cm?

Figure 1 presents the sputtering yield, [[S/(14+~*)],
as a function of the sample voltage for the argon ion
bombardment of silicon at three different discharge
voltages (DV). S is the number of atoms sputtered per
impinging ion, and ¥* is a generalized correction factor
applied to the charge count to yield the number of ions
actually involved in the bombardment. For discharges
having only singly charged ions, y*=+, the ordinary
secondary emission coefficient. For discharges having
multiple charged ions, v* will contain corrections due to
the secondary emission coefficient of the various species
and to the multiple charges on some of the ions. At
DV=35-40, only A+ are present* and S/(1+~+%)
=S/(14+). The true ion energies are equal to the
sample voltage less the plasma potential. The most
interesting feature of these data, as far as this discussion

4 W. Bleakney, Phys. Rev. 36, 1303 (1930).



Fic. 5. Spectra ob-
served with the mag-
netic field along a [111
direction. There are two
octahedral spectra, one
corresponding to 6=0°
and three coincident
spectra at §=70.5° cor-
responding to the angle
between Hgo and the
other three body di-
gonals.
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Fi16. 7. Spectra observed with /7
along a [100] direction. The sharp
line riding on the 44 — <3 transi-
tion of the octahedral site is com-
posed of two coincident —§ — +4,
#=90° lines of the tetrahedral
sites.
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