‘““ZEEMAN'" AND
(with a large CW rf field on). The changes of magnitude
of the Zeeman and secular dipolar terms of the Hamil-
tonian by factors of, respectively, Hes/Ho and —1/2
just cause irrelevant changes in the corresponding spin
temperatures. Turning the CW rf field off after a time =
and immediately applying a 90° pulse around the ¥V
axis result in similar rotations of the state and Hamil-
tonian of the spin system around the ¥V axis by, respec-
tively, +90° and —90°.

We have performed experiments C and D with a
rotating component H, of the rf field of about 25 G
(the local fields in CaF, are of the order of a few gauss)
and durations r between 20 usec and 13 msec (the free
precession signal of CaF. dies out in about 50 usec.)
Our results are in complete agreement with the above
predictions: The “90°-long pulse-90°” irradiation de-
creases the magnitude of the observed free precession
signals by less than 139%; it changes the sign of the
Zeeman signal and not that of the dipolar signal; the
duration 7 of the rf irradiation has no influence on the
final state of the spin system; no mixing between
Zeeman and dipolar energy in the rotating frame is
observed.

Pulse sequence E was used to measure the magnitude
of the rf magnetic fields from the frequency of the free
precession in the effective field.

‘“DIPOLAR’’

SPIN TEMPERATURES A 1961

Experiment F is the rotating-frame analog of the
Strombotne-Hahn experiment.’® In the rotating frame,
the spin system is first prepared in a state of order in
zero effective field (dipolar order in the laboratory
frame). A constant effective field is then turned on
suddenly and, exactly as in the laboratory-frame
experiment, the energy oscillates for a time of the order
of T, back and forth between the Zeeman and the
dipolar terms of the effective Hamiltonian, at about
twice the Larmor frequency w; in the effective field
(the oscillations at w; are absent in the case of strong
irradiation at the exact NMR frequency wo). The
sudden suppression of the effective field after a time 7
destroys this Zeeman energy, but does not change the
dipolar energy which then rearranges itself in the
absence of rf field and is measured later on by means
of the 45° information pulse. A straightforward calcula-
tion (see Ref. 8), using the hypothesis of two inde-
pendent spin temperatures in the rotating frame,
predicts that the laboratory-frame dipolar order
recovered after a long and strong irradiation should be
1 of the initial dipolar order, in good agreement with
our experimental results.

10 R. L. Strombotne and E. L. Hahn, Phys. Rev. 133, A1616
(1964).
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Electron-Spin-Resonance Spectrum of Mn** in 3-Ga,O;*
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The electron-spin-resonance spectrum of Mn2+ has been investigated in monoclinic 8-Ga;Os at 24 kMc/sec.
It was found that the spectrum consists of a set of lines corresponding to a single type of environment.
This spectrum (including the fine and Am =0 hyperfine structure) is satisfactorily described by the spin
Hamiltonian for Mn?* in a rhombic crystal field with the following derived constants: 4,=—87.7+0.2 G;
Ay=—85.6+0.2 G; g.=2.002; g,=2.007; D=545.0 G; E=124.3 G. The y crystal-field axis is along the
monoclinic axis (b) and the z crystal-field axis makes an angle of 18° with the ¢ crystal axis (a>c). Forbidden
Am= =1, +2 hyperfine transitions were also observed. From the separations between the Am = 31 doublets,
a value of Q’=+0.94-0.2 G was obtained. On the basis of the axial crystal fields inferred from the measured
values of Q' in 8-Gas0; and in other oxide materials, it appears that the calculated crystal-field contribution
to the D parameter of Mn?* does not explain the experimental results.

INTRODUCTION

HE origin of the ground-state splitting of the
3d5—8S;/2 ions (Mn?t and Fe’t) has been the
object of a considerable number of theoretical and ex-
perimental investigations. Such investigations have
indicated that these splittings may arise from the com-
bined action of the spin-orbit interaction (W,) and the

* Supported in part by the Advanced Research Project Agency.

crystal field,’~® or from the intra-ionic spin-spin inter-
action (W) and the crystal field,>* or from overlap
and covalency between the S-state cation and its

! J. H. Van Vleck and W. G. Penny, Phil. Mag. 17, 961 (1934).

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

3 J. R. Gabriel, D. F. Johnson, and M. J. D. Powell, Proc. Roy.
Soc. (London) A264, 503 (1961).

4 A. M. Germanier, D. Gainon, and R. Lacroix, Phys. Letters
2, 105 (1962).

5A. M. Leushin, Fiz. Tverd. Tela 5, 2352 (1963) [English
transl.: Soviet Phys.—Solid State 5, 1711 (1964)].

¢ M. H. L. Pryce, Phys. Rev. 80, 1107 (1950).
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ligands combined with the W, or W, terms.” However,
the degree to which these various mechanisms or their
combinations apply and thus the origins of the various
crystal-field terms in the spin Hamiltonian have not
been determined.

Additional information on the origin of the axial
crystal-field parameter (D) in the Mn*" spin Hamil-
tonian may be obtained from measurements of both D
and the nuclear electric-quadrupole-interaction parame-
ter (Q') in a series of materials. Such measurements of
Q' provide information on the axial crystal fields that
are utilized in crystal field calculations of D.

In the present paper, the electron spin resonance
(ESR) spectrum of Mn?*t in §-Gaq0; is investigated.
Values of D and Q' as well as other spin-Hamiltonian
parameters are obtained from the measurements, and
an analysis is given of the crystal-field contribution to
the D parameter on the basis of the axial crystal fields
inferred from the measured values of Q’ in $-GaOs,
Aly03,% Zn0,? and CaWO4.!9 B-Ga,O3 possesses a mono-
clinic crystal structure (the most probable space group
being Cys3—C2/m)'2 and, among other things, is of
interest because the cation sites have large distortions
from cubic symmetry making possible the observation
of a nuclear electric quadrupole interaction.

FOLEN

THEORY

The ESR measurements on 3-Ga,O; were analyzed
using the spin Hamiltonian appropriate for Mn?* in a
rhombic crystalline electric field!3

3 =PB(g-H S+, H Syt g.H.S")
+D[S2— 1SS+ 1D IHESS—SP)
+Quartic Terms (a,F)+A4 5.1,
+A4,S,0,+A.5.1.—gnBnH-1
+QI2-3(I+1)]+Q" (I 2—15), (1)

where
Q'=3eqQ/4I(2I—1) and Q"=emQ/4I(2I—1) (2)

are the axial and rhombic part of the nuclear quadru-
pole interaction, respectively, Q is the nuclear electric
quadrupole moment, and 7 is the asymmetry parameter
in the field-gradient tensor. The quantity ¢ in Egs. (2)
isrelated to the quadratic axial crystal electric-potential
coefficient 4,° by the equation

g= (1—7,) (5/m)”45, )

where v, is the Sternheimer antishielding factor.
For measurements with H parallel to z, the eigen-
values (to second order) of Eq. (1) are given by

Eym=gBHM~+D[M*—3S(S+1) ]+ A.Mm~+Q'[m*—31 (I+1)]— gnByHm

4L B+DEM—1)+A(m—M+1)

fl_“’[[R'—m(m-i-l)][R-M M—-1)] [R—m(m—1)][R—M (M+ 1)]]
H+DOM+1)+A(m—M—1)

8 H42D(M—1)+Am
+ Quartic terms,

+£2[[R—M(M— DIR—(M—-1) (M~ 2)] [R=MM+)]IR— (M+1)(M+2)]

H+2D(M+1)+Am ]
(4)

where R’=I(I+1) and R=S(S+1). Here the hyperfine constant 4 is assumed isotropic for the second-order terms.
The eigenvalues for H parallel to the y crystal-field axis are obtained by replacing in Eq. (4) the quantities g,
A., @', D and E by gy, 4y, 3(—Q'—3Q"), 3(— D—3E), and }(D— E), respectively. Using Eq. (4) with appropriate

expansions of the second-order terms, one obtains the following relation for the resonant values of H corresponding

to M,m <> M—1,m transitions:

Hm=Ho— QM —1)D— A m— (A%/2H)[I (I+1)— m?+ @M — 1)m]
+ (42D/2H)(3[I (I+1)— m*](2M — 1) —m[ 25 (S+1)+3 (— 212+ 2M — 1) T}
— (432821 I+1)— 3m2] @M — 1) +-m[— S (S+1)— I (I+1)+3M2— 3M +m?+2]}

— (BY/2H)[2S(S+1)— 6M2+6M —3]

+(E2D/E){ @M —1)[3S (S+1)— SM>+5M— 67}

where Ho="hv/gB and the spin-Hamiltonian parameters
are now divided by gB8. In regard to the third-order

7 J. Kondo, Progr. Theoret. Phys. (Kyoto) 23, 106 (1960).

8V. J. Folen, Phys. Rev. 125, 1581 (1962).

9 J. Schneider and S. R. Sircar, Z. Naturforsch. 17a, 651 (1962).

10R. W. Kedzie (private communication); Phys. Rev. (to be
published).

1 J. A. Kohn, G. Katz, and J. D. Broder, Am. Mineralogist
42, 398 (1957).

28, Geller, J. Chem. Phys. 33, 676 (1960).

+ (B2 Am/2H?)[ 25 (S+1)—6M2+6M—37], (5)

terms in Eq. (5), the 42D and 43 are in agreement with
those obtained by Schneider and Sircar. The E2D and
E?4 terms have been calculated in the present work.
On the basis of pure-crystal field theory, Watanabe?
has shown that the D-parameter for Mn?* is related to

B'W. Low, Paramagnetic Resonance in Solids (Academic Press
Inc., New York, 1960), p. 46.

1 J. Schneider and S. R. Sircar, Z. Naturforsch 17a, 570 (1962).
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the 4,0 coefficient as follows:
=—9.90A2X10"104-3.62M'AX 10~ cm™, (6)

where A=%(5/7)"2(r*)4® and M’~0.2. The first term
in Eq. (6) is due to a fourth-order process quadratic
in the axial crystal potential [V .x=A4,"7?Y°(0,¢)] and
quadratic in W, and the second term results from a
second-order process linear in V,x and linear in W,.
The quantity M’ represents the radial part of a matrix
element of W,, between the ground state and the 3d‘4s
excited state in Mn*. The two terms in Eq. (6) have
been recalculated by Germanier et al.4 who obtained
two additional terms, one being due to a process linear
in ¥ .x and cubic in W, and a second process linear in
Veax, Wes, and W, Recently, Leushin® has performed
another crystal field calculation of the Wy, and Wy,
contributions to D. Using a procedure in which the
strong cubic field and electron electrostatic interactions
are taken into account in the same order of perturba-
tion, he found that the ground-state splitting of the
8S5/2 multiplet when calculated this way is almost the
same as that obtained by Watanabe’s procedure. In all
these calculations, D is linearly and/or quadratically
dependent on 44°. From Eqgs. (2) and (3), it is seen that
Q' is linearly dependent on 4. Thus, one may obtain
the value of 45 from @’ measurements on a particular
material and use this value to predict the crystal field
contribution to D in the same material.

The Q' parameter can be readily obtained from meas-
urements of the separations of the forbidden Am =41
doublets which occur between the M=% <>—1 Am=0
transitions as was done previously for Mn?* in Al,O;?
and ZnO.* The separation between these doublets is
given by

AHg=Hp—3, mi1 > M=y, m— Hp—t, m > M3, mp1
=174/2H+ (2gnBn/gB)H—{ (Q'—44°D/H?)
X (3 cos®0—1)4-3(Q""—4A4%E/H?)
Xsin?d cos2o+254%/2H2) 2m~+1), (7)

where 6 is the angle that the z crystal-field axis makes
with H and ¢ is the angle between the x crystal-field
axis and the projection of H on the x-y plane.

CRYSTALLOGRAPHY AND EXPERIMENTAL
METHODS

Geller? has shown that the unit cell of B-GayO;
contains four molecules of Ga;O; and that the ions are
located in five sets of special positions 44: (000, 330
=+ (0z), each site having an m point symmetry. This
mirror plane is perpendicular to the monoclinic & axis.
According to Geller, the cation sites are either tetra-
hedrally or octahedrally coordinated, the former sites
having considerably smaller dimensions than the latter.
The ¢ and ¢ crystal axes are perpendicular to the mono-
clinic axis and the angle (8) between the a and ¢ axes is
103.7°.

A 1963

The ESR measurements were made on 3-Ga,Oj; single
crystals containing about 0.05 wt.9%Mn. These crystals
were synthesized using the flux method.!® A combined
PbO and PbF, flux and a lowering rate of 1.5°C per
hour from 1250°C were used in the crystal synthesis.
Although many of the crystals were twinned, several
untwinned crystals were found, and these were used for
the ESR measurements.

A 24-kMc spectrometer described earlier® was used
in ESR measurements. Except for the forbidden hyper-
fine doublet spacings which were measured at 77°K,
all the ESR data were obtained at room temperature.

RESULTS AND DISCUSSION

Measurements of the angular dependence of the
AM=1, Am=0, +1, 42 ESR transitions in Mn?*+
showed that the spectrum consists of a single set of
lines corresponding to one type of environment. Since
the octahedral sites are considerably larger than the
tetrahedral sites in 3-GayO;, it is probable that this
spectrum is due to Mn?* ions in octahedral sites. The
earlier measurements'®'? on §-Ga,0O; doped with Cr3t
indicate that the Cr®** ions reside in the octahedral sites.
In contrast with the results on Mn?* and Cr*t, our
measurements on the Fe3* in 8-Ga,0; (to be published)
show that two types of sites are occupied by the Fe¥t.

From measurements of the Mn?* spectra with H in
the a-c, b-c, and b-a crystal planes, it was found that the
y crystal-field axis is along the & crystal axis (i.e., the
monoclinic axis) and that the z crystal-field axis makes
an angle of 18° with respect to the ¢ crystal axis as
shown in Fig. 1. The spectrum for H along the z crystal-
field axis is shown in Fig. 2. The transitions in this spec-
trum are the allowed AM =1, Am=0 transitions. From
a comparison of the relative intensities of the transitions
in the five hyperfine sextets shown in this figure, it was
found that the inhomogeneous broadening in the
M=+3<=+§ and M==4% <1 sextets was not sig-
nificantly larger than in the central M=% «<>—1 tran-
sitions, indicating high crystalline perfection. The extra
lines shown in the vicinity of the M=§+« 3,

Fi1G. 1. Orientation of the
crystal field axes (x,y,z2) with
respect to the crystallographic
axes (a,b,c) for Mn?* in
B-Ga;0;. The b and y axes are
perpendicular to theplane of the
figure and 8 is the angle be-
tween the ¢ and ¢ axes.

c ylib
B =103.7°

18 7. W. Nielsen and E. F. Dearborn, J. Phys. Chem. Solids
5, 202 (1958).
( ;“613/{ Peter and A. L. Shawlow, Bull. Am. Phys. Soc. 5, 158
1 .

17 H. H. Tippins, Phys. Rev. 137, A865 (1965).
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F16. 2. Electron-spin-resonance spectrum at 300°K of Mn?* in
B-Ga;0; with the magnetic field H parallel to the z crystal-field
axis. Values of M are given for the initial and final states.

M=%o—% and M=—3—%
trace of Fe’t in the crystals.
Measurements of the spectra with A along the z and
y crystal-field axes yielded [with the aid of Eq. (5)] the
following values of the spin-Hamiltonian parameters:

A,=—87.74£02G; A,=—85.6+02G; g=2.002;
g,=2.007; D=5450G; E=124.3G.

Here the A parameters are assumed to be negative
because in all materials where the sign has been deter-
mined, the 4’s were found to be negative.

From measurements of the unequal separations
between the forbidden Am =41 doublets (those occur-
ring between the M=1-—%, Am=0 transmons),
value of Q’=+40.920.2 G was obtained using Eq. (7).
For this measurement H was directed in the z-y plane
at an angle of 7° from the z axis. It was necessary to
make measurements at this small angle in order that
the perturbation calculations used to obtain Eq. (7)
are sufficiently convergent. When H was oriented at
large angles with respect to z, it was necessary to take

sextets are due to a

1600
800 L
a°al }

Do
Q

-800
-1600 %

-0.4 (o] 04 0.8 1.2

Q' (Gauss)
F1c. 3. Absence of linear dependence of D/Q’ on ('.

FOLEN

into account the large deviation of the orientation of the
nuclear magnetic moment from that of the applied mag-
netic field in order to obtain agreement with the experi-
mental line positions. For example, when H was applied
45° from the z direction, the nuclear moment was cal-
culated to be oriented at an angle of approximately 30°
with respect to H. Bir and Sochava'® found that the
large deviation of the direction of the nuclear moment
from H had to be included in their intensity calculations
also in order to obtain good agreement with the ESR
experimental results on Mn?* in SrCl,.

A comparison of the values of 4, D, Q' and D/ Q'for
Mn?t in CaWO,, 8-Gas0s, AlyO; and ZnO is given in
Table 1. The materials are listed in the order of increas-
ing covalency which is indicated? by the values of 4
shown in the second column. From a crystal-field cal-
culation of the form of Eq. (6), it is seen with the use
of Egs. (2) and (3) that D/’ is linearly related to Q’.
However, it appears from Fig. 3 that such a relationship
is not consistent with the experimental results.? A
possible explanation of these results may be obtained
from overlap and/or covalent mechanisms. Kondo? has

TaBLE I. Comparison of experimental values of 4, D, Q" and
D/Q’ for Mn?* in various host lattices.

Host

lattice 4 (G) D (G) Q' (G) D/Q’
CaWO, —95.24s  —147.4>> —0.354+0.05° +421460
B-Gas0; —87.7¢ +545¢ +0.9 +0.2¢ +606+135
Al,O; —85.2de  4207de  +41.0 +0.2¢ +207+41
ZnO —79.3f —252.7*  40.1740.02f —1486+£175

a C, F. Hempstead and K. D. Bowers, Phys. Rev. 118, 131 (1960).
b See Ref. 10.

¢ Present work.

d W. Low and J. T. Suss, Phys. Rev. 119, 132 (1960).

e See Ref. 8.

f See Ref. 9.

calculated overlap and covalent contributions to D
resulting from W,, and W, His results show that D
should be of the form D« (§52—)\2), where S is the
overlap integral between the Mn?** 3d orbital and the
ligand orbital, and X is the degree of covalency. Since
the axial crystal field is not involved explicitly in this
model, such a model could explain the experimental
results on the D parameter.
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