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cause of the trigonal distortion in the aluminum
alums. However, one would not expect the Cr '
to bond to its surroundings in the same manner as
Al" or Gas' since the latter two ions have closed
electron shells. The best one can say at this
stage is that many of the atoms in the unit cell can

contribute to the trigonal distortion of the chromi-
um complexes, and it is not certain which of Van
Vleck's first two postulates is operative. Addi-
tional data on the physical behavior of the chromi-
um magnetic complexes are obtained from ENDOR
studies, which is the subject of Paper II. '
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Electron-nuclear-double-resonance (ENDOR) studies are reported for the isotope ~3Cr3' en-
riched to 96% in the gallium alums RbGa(SO4) 2

~ 12H20 and CsGa(SO4) 2 12H20, including their deu-
terated forms. All measurements were made at 4. 2'K and at X-band microwave frequencies
(- 9.4 GHz). The study allowed accurate values of the various hyperfine parameters to be deter-
mined and ENDOR patterns to be classified. The hyperfine parameters A and 8 had the relationships
A & J3 in RbGa alum and A &8 in CsGa alum. A model for the behavior of the alums as a func-
tion of temperature is postulated, with the result that the quadrupole moment of ' Cr is de-
termined to be eQ =-0.035 + 0.005 b. The magnetic moment of @Cr3' was found to be ap-
proximately —0.464@& which is slightly lower than the accepted value. The effect of deutera-
tion did not show significant differences from the hydrated alums. ENDOR transitions are
observed relating three adjacent hyperfine levels of 3Cr instead of the usual two. Possible
mechanisms for this effect are qualitatively discussed.

I. INTRODUCTION

Electron-nuclear-double-resonance (ENDOR)
experiments were carried out on chromium-doped
alums in order to obtain more information about
their physical behavior. The study was done on
the gallium alums RbGa(SO4)z 12H~O and
CsGa(SO4)z ' 12HzO, including their deuterated
forms. The chromium dopant was 96/o-enriched' Cr' and its concentration in the samples was
estimated to be less than 0.01 wt /0. The crystals

were grown from saturated solutions of the constit-
uent sulfates by slow evaporation at room tempera-
ture. They were colorless and had dimensions of
about 4x Sx 2 mm. All measurements were done
at a temperature of 4. 2 'K and at X-band micro-'

wave frequencies (9.4 GHE).
No ENDOR work on the alums has been pre-

viously reported, but the rather varied paramag-
netic behavior of alums provides motivation for
further study by this technique. This is especially
true at low temperatures where many of the alums
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appear to behave anomalously. The study allows
a more complete description of the chromium mag-
netic complexes than is possible by ordinary ESR.
The anisotropy of the hyperfine interaction, which
is an important quantity, can be readily deter-
mined. The chromium nuclear g value can also be
determined, but with less accuracy. Calculations
can be made regarding the nuclear quadrupole
moment of ' Cr, but the calculation is not straight-
forward in that it depends on postulating a model
for the behavior of the alums.

The ENDOR of ' Cr' was studied ' extensively
some ten years ago in ruby crystals. In the study
the hyperfine interaction was assumed to be iso-
tropic and no attempt was made to measure the
probable anisotropy. The nuclear quadrupole mo-
ment of ' Cr was calculated to be —0. 03 b on the
basis of several assumptions. The principal as-
sumption was that the electric field gradient at
a chromium site in ruby is the same as that at an
aluminum site. In a theoretical treatment of the
prop. rties of ruby Artman and Murphy have used
the method of lattice sums to evaluate the ruby
spectral parameters. In regard to the chromium
magnetic complexes they assumed that the size
difference of 0. 1 A between Cr' and Al' creates
a local axial distortion, and they postulate a de-
tailed model for the distortion which involves a
number of atoms about the chromium site. On
this basis they calculated the nuclear quadrupole
moment of ' Cr to be +0. 024 b. In a later paper
Artman' calculated the electric field gradients of
transition- metal sesquioxides which are isomor-
phous with corundum and concluded that only the
absolute value of the ' Cr nuclear quadrupole mo-
ment could be calculated. He calculated a value
of 0.026 b and stated further that the expected
value should fall within the range 0.02-0. 05 b.

II. EQUIPMENT ANB EXPERIMENTAL PROCEDURE

The spectrometer used in the ENDOR work was
the same as shown in Fig. 1 of Paper I.' The
ENDOR power for inducing nuclear transitions was
produced by a Radiometer-Copenhagen No. 127
oscillator followed by two wideband amplifiers
producing a total of 3 W of power. However, only
a fraction of this power was delivered to the
ENDOR coil because of mismatch between the coil
and amplifiers. Nevertheless, sufficient power
was available to perform ENDOR. The ENDOR
coil consisted of three turns of copper wire inside
a rectangular TEQ$4 sample cavity. The cavity
system is shown in Fig. 1. The sample holder was
made of Delrin, which is a mixture of Teflon and
nylon. This material has both strength and low
dielectric loss. The ENDOR coil is wrapped around
the center portion of the holder in a groove cut
by a fine saw blade. The sample holder is posi-

tioned in the cavity at room temperature by ob-
serving the center-line position of the coil groove
through three small holes drilled in one side of
the cavity wall at a distance of —,'& from the cavity
bottom, and it is then locked into position by a
nylon screw threaded into one end. The cavity
was cut at the —,

' 5, position from the cavity bottom
to give easy access for placing of crystals in the

g
lg

FIG. 1. ENDOR cavity system. (a) Stainless-steel
waveguide, (b) iris with g-in. hole in the center, {c)
impedance-matching screw, (d) copper-coated-brass
waveguide cavity, (e) coax consisting of a stainless-
steel outer tube and an inner copper wire separated by
dielectric material, (f) sample holder, (g) sample po-
sition in holder, (h) tapped hole in one end of sample
holder to take nylon screw for locking holder to cavity
wall, (i) two small tapped holes near opposite ends of
holder to take tempora, ry screws for lowering and manip-
ulating holder in cavity, (j) saw cut with fine blade on
each side of holder, (k) hole in end of holder to pass
leads of ENDOH coil, (1) groove to allow coil lead wires
to be folded up when placing holder in cavity, (m) three
holes in side of cavity to observe center of holder for
a,lignment, (n) hole for coil lead wires to pass through,
(o) Perspex plug with hole in center to keep coil lead
wires from touching cavity, and (p) cavity bottom plate.
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holder. The cavity bottom plate and iris are
soldered into place. A matching screw is placed
just above the iris hole and its length is such that
its end extended to the center of the iris hole when
it was screwed tight against the cavity wall. This
arrangement ensures that the cavity is always
matched, even at 4. 2 K. The loaded Q of the
cavity was greater than 4000.

The procedure used to obtain ENDOR was as
follows: The ESR spectrum was first obtained
with a power level of about 0. 02 m% in the cavity
and the magnetic field was set on the center of a
particular hyperfine line as well as could be esti-
mated. The microwave power was then turned up
to about 2 mN, thereby partially saturating the
ESR transition. The 200-Hz magnetic field modu-
lation was switched off and power was applied to
the ENDOR coil. The power was slowly swept in
frequency by a motor drive on the oscillator and
$t was frequency modulated at 200-Hz by a signal
fromthephase-sensitivedetector (p. s. d. ). Thefre-
ciuency sweep rate was about 1 MHz/min and the
FM deviation was 75 kHz. The p. s.d. time con-
stant was 1 or 3 sec. After the ENDOR lines were
obtained for a given ESR line the magnetic field
was adjusted slightly so as to maximize the sig-
nals, thereby ensuring that the field value was at
the center of the ESR line. The microwave power
was then adjusted to maximize the ENDOR signal
intensity by obtaining the correct saturation level.
Frequency measurements were made by setting
the ENDOR signal generator manually to the cen-
ters of the transitions, and then switching off the
FM modulation. The frequency was then read off
p, digital counter to the nearest 100 Hz.

III. SPIN HAMILTONIAN

The ground state of "Cr ' is described by the
quantum numbers S = —,

' and I= —,'. The spectrum of
each chromium complex consists of three groups
of four hyperfine lines. The degree of resolution
of the hyperfine lines depends on the particular
crystal under study, the dilution of the chromium
impurity, and on the perfection of the crystals
grown. The spin Hamiltonian used to describe the
ENDOR results is of the form

-i& I s.—2g„w„p,s Q)
3(1 ~ r,.)(s,. r, )

5

z' a(r,.)(s, r)) . (2)

As shown by McGarvey, ' first-order perturbation
theory gives the following expressions for A and
Be

A = P[~g (1 —2g + b ) -K],
B=P[ gg(1 —2 —a + b ) —K],

(3)

(4)

where P= 2g„l(,„ys (1/r ) and K is a parameter re-
sulting from the last term in E(l. (2). For octa-
hedral symmetry of the coordinated ligands we

a 3 b = 3 and 1—2a + b = 0 giv jng g = B
from E(ls. (3) and (4). If a~&-', and b~&-, then

1 —2a~+ b~ takes on positive values, giving A & B.
McGarvey7 points out that this situation indicates
a polarization of electronic charge on the chromium
ion due to the six oxygen atoms surrounding the
chromium ion'being distorted from an octahedral
configuration by compression along the trigonal
axis. NcGarvey' shows further in the theory of
the spin Hamiltonian describing a trigonal distor-
tion that the D parameter is negative for a
For a & -,'and b & —,

' then 1 —2a + b takes on nega-
tive values, giving A. & B. McGarvey' shows that
a & 3 corre spond s to a positive D value . If the
previous case represents a trigonal compression
of the coordinated octahedron then the latter case
presumably represents a trigonal extension.

B. Quadrupole Interaction

I
The nuclear-quadrupole-interaction constant Q

in the spin Hamiltonian can be written

in ENDOR since they describe the hyperfine struc-
ture. The angular variation of all the terms in
Eq. (1) is described in a set of Varian notes.

A. Hyperfine Interaction

The hyperfine terms AS, I,+B(S„I„+S,I, ) in the
spin Hamiltonian arise from the following terms
in the original Hamiltonian:

g ll OBSg Hg + g 1Ps'(S)(H)(+ Sy Hy ) + D [ Sg 3 S(S+ 1)]

+AS, I,+B(S„I„+S,I, )+ q' [I' —,
' I(I+ 1)]

—g„„p.„IgHg —g„~ p. ))( (I„H„+I H ) . (1)

The Hamiltonian for ' Cr is represented by a
16x 16 matrix. The first three terms of E(1. (1)
are the usual fine-structure terms used in ESR.
The forth and fifth terms describe the hyperfine
interaction, the sixth term the quadrupole inter-
action, and the seventh and eighth termsthe nuclear
Zeeman effect. The last five terms are important

where V„ is the electric fieM gradiant external to
the chromium ion, eQ is the quadrupole moment
of "Cr, and 1 —y is the Sternheimer antishielding
factor for Cr '. Sternheimer has recently esti-
mated 1 —y for Cr~' to be 12.0 + 1.0, and he has
also shown' that 1 —y =3.36 for Al '.

C. Nuclear Zeeman Interaction

The magnetic field as seen by the nucleus is in

general not simply the applied external field H.
When the field is applied the electronic wave func-
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tion is changed by an amount proportional to H,
the effect of which modifies the electronic field at
the nucleus and results in a paramagnetic shield-
ing. This interaction is called the pseudonuclear
Zeeman effect. The magnetic shielding of the
nucleus can be treated phenomenologically as done
by Geschwind" by writing H(1+ o) in place of H,
where o. is the shielding parameter. Experimental-
ly, H(l+ o) is manifested as an effective nuclear

g value written g„. The effect of shielding modi-
fies the true nuclear g factor g„by the relation
g„=g„/(1+ o). One can calculate o according to
Geschwind's formula

o = —5.84(1/r 3), „(&g/&),

(a)

FIG. 2. ~s= 3 1

group of hyperfine lines
of "Cr' in
RbGa(SO4~2'12820 at (a)
300'K and (b) 4. 2'K.

where ~g is the electronic g-value shift from
2. 0023, A. is the spin-orbit coupling parameter
for Cr ' in units of cm ', and (1/x ) is the average
value of 1/~' for the Cr"-3d wave function.

D. Relationship between D and V„

By considering the crystal field at the Cr' site
to consist of a sum of a cubic and an axial part
one can obtain the following linear relationship'
between the spin-Hamiltonian parameter D and the
electric field gradient V„due to charges and di-
poles external to the chromium ion:

D= 7(X/AE) —(x ) V„
The quantity (x ) is the average value of x' for the
Cr '-3d wave function, A. is the spin-orbit coupling
constant, and 4E is the energy separation between
the ground state 'A~ and the excited state T~.
Equation (I) is approximate in that the smaller ef-
fects due to fourth-order terms in the crystal field
potential and the contribution of T& excited states
are neglected. The effects due to covalent bonding
are also neglected.

IV. RESULTS

The alums are referred to below in shortened
notation as Rb(HzO), Rb(D2O), etc. The "Cr~'
hyperfine lines in Rb(H~O) alum were unresolved
at 300 K but were fairly well resolved at 4. 2 'K.
This effect is shown in Fig. 2 for the ~,=- —,

'
- ——,

' group of hyperfine lines. The lines in
Rb(D20) alum were unresolved at both tempera-
tures, while those of Cs(H20) and Cs(D20) alums
were always resolved. In none of the cases did
the effect of deuteration reduce the linewidths.
However, it is not necessary to have resolution to
perform ENDOR. But if the lines are resolved one
is able to quickly set the magnetic field at the cen-
ter of a hyperfine line in order to obtain the de-
sired ENDOR frequencies. The analysis of
Rb(D20) alum is done by observing the intensities
of the ENDOR lines when the magnetic field posi-
tion is moved in steps across an unresolved group

of hyperf inc lines. The patterns obtained are then
compared with those from Rb(H20) alum. It is
possible to do this because the intensity patterns
are found to be the same in both cases. The ENDOR
intensity patterns are the same in Cs(HzO) and

Cs(D20) alums, but they differ from those of the
Rb alums,

The mean positions of the groups of hyperfine
lines, when the magnetic field is directed along the
z and perpendicular directions of a magnetic com-
plex, are the same as those obtained for the even
chromium isotope in Paper I. ' Hence the values
of g„, g~, and D obtained for the even isotope ap-
ply to the case of the odd isotope. The sign of D
was also verified to be the same.

In general, ENDOR transitions should exist in
the 75-MHz frequency range for the M, =+ —,

' groups
of hyperfine energy levels and in the 25-MHz
range for the M, =+ 2 levels. However, no transi-
tions were observed in the 25-MHz range. This
could be due to insufficient rf power in the ENDOR
coil. ENDOR was readily obtained in the 75-MHz
range, and fortunately this is sufficient to calcu-
late all the hyperfine parameters in the spin Hamil-
tonian. Measurements were made in the 75-MHz
region in all four alums for the low- and high-
field groups of hyperfine lines when the magnetic
field was directed along the z and perpendicular
directions of a magnetic complex. To verify that
the magnetic complexes were indeed axially sym-
metric, ENDOR measurements were made for
various positions of the magnetic field in the per-
pendicular planes.

Typical chart recordings of the z-axis ENDOR
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spectra in the 75-MHz range when the magnetic
field is set on each hyperfine line of the M, = —,

' - —,
'

group in Rb(H20) alum are shown in Fig. 3. The
labeling scheme displayed in Fig. 3 is explained in
Fig. 4. The lines marked e are extra lines which
have frequency values that are averages of the two
lines flanking them. Figure 5 shows the z-axis
ENDOR transitions in the 75-MHz range for the
M, = —,'-- —,

'
group of hyperfine lines in Rb(D20)

alum. This pattern of ENDOR lines is the same
as in the corresponding hyperfine group of
Rb(H30) alum but the linewidths are greater in the
deuterated alum. The ordering of the spacings of
the hyperfine energy levels along the z axis, as
determined by the intensities and frequencies of
the ENDOR lines when the magnetic field is set on
the outer two hyperfine lines of a group, is shown
in Fig. 6 for Rb(HzO) alum and in Fig. 7 for
Cs(HzO) alum. It is seen that the ordering is dif-
ferent in the two types of alums. That is, the
most intense ENDOR lines for the H~ and Bs hyper-
fine line positions in the M, = —', -—,

'
group in Cs(H~O)

alum are obtained at high and low frequencies,
respectively, whereas the opposite was the case
for Rb(H20) alum. Calculations show that the dif-
ference can be attributed mostly to an order of
magnitude difference in the quadrupole interac-
tions. A similar pattern was obtained for the re-
spective deuter ated alums.

The pres nce of extra ENDOR e transitions was
quite clear in the Rb alums, both on the z axis and
in the perpendicular direction, In the Cs alums
some traces of the extra lines were apparent in
the high-field groups of hyperfine lines on the z
axis, but at no time were they observed in the
low-field groups. Three mechanisms are con-
sidered which could cause the extra lines. (i)
Forbidden transitions of the type ~1=+2: If the
lines are due to this cause then they must have

been produced by second harmonics of the rf os-
cillator. That is, an extra line observed at a fre-
quency labeled e„b is in reality a transition at
twice this fr equency. However, this mechanism
can probably be ruled out because when the rf os-
cillator is swept at a frequency of 2e» no transi-
tion is observed. (ii) Double photon absorption:
If two photons of frequency e„& combine then they
could cause the observed line. (iii) Transitions
caused by a broadened intermediate hyperfine
level; A photon of frequency e„, can be pumped
twice between three energy levels if the inter-
mediate level has sufficient broadening so that it
spreads appreciably over the midfrequency point
of the outer two levels. The nature of the e transi-
tions are under further study.

The method of parameter fitting was done as
follows: The values of g„, g„and D were obtained
from the ESR measurements. The spin-Hamiltonian
matrix including hyperfine interactions was first
diagonalized using second-order perturbation the-
ory to give a set of equations which could be solved
to give rough values of A, 8, Q', g„'„, and g„',.
These values were then used as a starting point for
exact diagonalization of the matrix using an IBM
360 computer program. The final values of the
parameters including g)„g~, and D are given in
Table I.

V. MSCUSSION AND CONCLUSIONS

The ENDOR results show that the hyperfine in-
teraction is anisotropic with A &8 for the RbGa
alums and A &8 for the CsGa alums. The analysis
also shows that these alums have positive and
negative D values, respectively. As the tempera-
ture is lowered from 300 to 4. 2 'K, the magnitude
of D decreases in both types of alums and hence
the trigonal distortion is decreased in each case.
The magnitude of D changes by about 38% in RbGa

~3b V3

3ab

78.0 78.5

(a)

78.0

(b)

78.5 79.0 78.0 78.5 79.0
ENDOR frecIuency (MHZ)

(c)

78.0 78.5 79.0

(cI)

FIG. 3. Typical chart recordings of the z-axis ENDOR spectra of Cr ' in RbGa(SO4)2. &282O in the 75 HE fre-
quency range for the M, = 2- 2 hyperfine lines. The notation is explained in Fig. 4. The spectra are obtained when the
magnetic field positions are set on (a) H&, (b} H2, (c) H3, and (d) H4 as noted in I"ig. 4.
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la
1b &~

~1c

b
Ms 3

c 2

(a)

H1 H2 H3

1ab
I l

v1a ~1b v1c
(b)

2bc

b V2c
(c)

3ab
I

v3a ~3b
=V

V3c

I

4a 4b

4bc

alum and by only S%%d in CsGa alum.
McGarvey' has shown for a trigonally distorted

magnetic complex that the combination of A & B
and D positive represents a trigonal extension of

FIG. 4. Diagrammatic representation of {a) the M
53 8+ ~

S

& hyperfine lines of Cr' ' in BbGa(SO4)2 ~ 12820.
Parts (b), (c), (d), and (e) give the relative intensities
and positions of the ENDOR lines obtained when the mag-
netic field is set at the positions H~, H2, H3, and H4, re-
spectively. Lines marked e are extra ENDOR lines having
frequency values that are averages of the two lines flank-
ing them.

the octahedron of waters surrounding the Cr' ion,
while the combination of A &B and D negative rep-
resents a trigonal compression. These parameter
relationships are in fact obtained in the present
work for the RbGa alums and CsGa alums, re-
spectively. However, it is not certain in the alums
if the distortion is caused by the nearest-neighbor
water molecules coordinated to chromium or is due
to the direct action of other atoms in the unit cell
which are known to be distributed with trigonal
symm etr y.

The quadrupole interaction constants Q obtained
at 4. 2 'K for Rb(H20) and Cs(H~O) alums are
—0. 0164 (10 cm ') and 0. 1546 (10 cm '), re-
spectively. These values differ by nearly an order
of magnitude and both cannot be expected to give
the correct value of the nuclear quadrupole mo-
ment of Cr when utilizing simple formulas such
as Eqs. (5) and (7), since these formulas indicate
that Q' is proportional to D. To calculate the
quadrupole moment of ' Cr from the data one must
first determine where the simple formulas can be
applied.

Segleken and Torrey' performed room-tempera-
ture nuclear-magnetic-resonance (NMR) studies
on 2~Al' in the o.-alums KA1(SO4)z ~ 12H20 and
NH4Al(SO, )2 ~ 12H2O, and they found a ratio of
1.12+ 0. 03 for the aluminum quadrupole interac-
tion parameters Q'. The authors note that in the
chromium isomorphs of these alums (also o. type)
Bagguley and Griffiths' found by ESR a similar
ratio of 1.12+0.07 for the ground-state splittings
(2D) in the corresponding chromic alums. No Q
values have been determined at 300 'K for the
gallium or chromium sites in the alums of the
present investigation, but it seems likely that a
relationship similar to above should hold. In fact
we would like to postulate further that the ratio of
the Q values for the chromium sites in the Rb and
Cs gallium alums at 300 'K is equal to the ratio

~ab

7 7.0 77.3

6bc

77.0 77.3 776

e7ab

770 773 77.6 77.3 77.6

FIG. 5. Typical chart
recordings of the z-axis
ENDOR spectra of ~3Cr3'
in HbGa{SO4)2'12D20 in
the 75-MHz frequency
range for the Ms 32 21

hyperfine lines. The
spectra are obtained when
the magnetic field positions
are set on {a) H5, (b) H6,
{c)Hv, and (d) H8 as noted
in Fig. 6.

(a)
ENDOR frequency(MHz)

(b) (c) (cI)
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V1a ,

'

V1b '„'

li

~1c „

3/2
1/2 M 3

-1/2

H1 H2 H3 I

(a)

(c)

--W2

-1/2

1/2
3/2

Ms=— 3
2

H~ H6 H7 H8

H1

I &-v

(b)

H8

1
~(SRb(H30) ) ~PCS(H30)

=~ Rb(HQO&/ cs(H, O&
= —5 42 (9)

Equations (8) and (9) allow room-temperature ()&'

values for the chromium sites to be predicted.
Solving the equations we find

(QRb(H o) )3QQ Q K
—0.228 x 10 cm

(@cs(H,O&)300 K =o »3
The ratio of these values is, of course, -1.18.
When the nuclear quadrupole moment (e(&)) for
"Cr is calculated from Eqs. (5), (7), and (10), a
value of eQ= —0.040 b is obtained in each case.
In the calculations we have used the Cr3' free-ion
values of X = 91 cm ' and () ) = 1.44V a. u. [where
1 a. u. = 5. 29172 (10 cm)]. The values of b,E
were measured at 300 'K for the Rb(HQO) and

Cs(H, O) alums and they were found to be 1V 800
and 17 700 cm ', respectively. The value of
1-y„was taken to be 12.0 for Cr'.

The quadrupole moment of ' Cr can be calculated
at 4. 2 'K using Eqs. (5) and (7) and the measured

FIG. 6. Ordering of key z-direction ENDOR lines in
RbGa(SO4)2 12H20: (a) represents the M, = » hyper-
fine lines and (b) gives the relative positions and inten-
sities of the ENDOR lines obtained when the magnetic
field was set at the H~ and H4 positions; (c) represents
the M, =-2 —y hyperfine lines and (d) gives the rel-
ative positions and intensities of the ENDOR lines obtained
when the magnetic field was set at the H5 and H8 positions'.

MI
3/2

M
1/2 2

-'1/2
3/ 2

of the chromium zero-field splittings. This is ex-
pected to be at least a close approximation and it
is useful to use it in an attempt to analyze the be-
havior of the alums as the temperature is lowered
to 4. 2 'K. The inference here is that the chro-
mium-doped alums behave in a predictable manner
at 300 'K and any anomalies occur at low tem-
peratures.

The ratio of the ground-state splittings at
300 K for Crs' in Rb(HQO) and Cs(HQO) alums is
—1.18, and so if we assume that this ratio is
equal to the ratio of the respective quadrupole in-
teraction constants, we can write

(QRb(H30) /Qcs(HQO) )300 K = —1.18 (8)

Burns showed that linear relationships hold be-
tween the D values of Cr' and (s)' values of Al'
and Ga3' in C(NH3)3 Al(804)3 ~ 6H30 (GA1SH) and

C(NH3)3 Ga(SOs)3 ~ 6H30 (GGRSH) when the tempera-
ture is lowered. It is expected that a linear rela-
tionship should also hold to a good approximation
in the alums for the chromium D and (s) param-
eters. By expressing the results as a ratio be-
tween the two types of alums the following relation-
ship is obtained:

H

H~ H6 H7 H8

(c)

Hg

(d)

H8

H1 H2 H3 H4

H4

(a)

-1/2
1/2
3/2

3
S

(b)

FIG. 7. Ordering of key z-direction ENDOR lines in

CsGa(804)2 ~ 12H20: (a) represents the M, = —2 ——2 hyper-
fine lines and (b) gives the relative positions and inten-
sities of the ENDOR lines obtained when the magnetic
fieM was set at the H~ and H4 positions; (c) represents
the Ms = I $ hyperfine lines and (d) gives the relative
positions and intensities of the ENDOR lines obtained

when the magnetic field was set at the H5 and H8 positions.
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s of 53Cr3' in gallium alums.TABLE I. Spin-Hamiltonian parameters o

RbGa alum CsGa alum
Spin-

Hamiltonian
parameter H20

300'K

D20 H20

4.2'K

D2O H20

300 'K

D20 HpO

4. 2'K

D20

g)i
(+ o. oo5o)

1.9754 1.9751 1.9799 1.9715 1.9746 1.9718 1.9747

gx
(+ o. oo5o)

D(10 cm )
(~2. o)

1.9675

864. 7 869. 1 534. 2 526. 7

1.9694

—731.7

1.9663 1.9722

-670.1

1.9696

-698.4

x(Mm)
(~ o. oo2o)

a (MHz)
(~ o. oo2o)

q' (1o-4 cm-')

(+ o. oolo)
I

gn
(+ o. oo1o)

52. 1167

51.8743

—0. 0164

—0.3111

52. 1317

51.8908

-0.0165

—0, 3111

51 6358 51 6596

52. 4263 52. 4755

0.1546 0.1542

—0.3111 —0.3111

values of D and Q . The room-temperature mea-
surements of bE are used in the calculations since
they are not expected to change substantially at
4. 2 'K. For Cs(H, O) alum we find eQ= —0.036 b

Rb Ga(SO4)2'12 H20

I

E
v 0

20
O

N

I l

100' 200'
Temperature ('K ) ~

I

300'

CsGa(SO4)2 12 H20

FIG. 8. Plot of V«against temperature for the chro-
~ 12H 0 andmiurn magnetic complexes in BbGa(SO4)& ~

~ an
(SO ) ~ 12H O. The solid lines are obtained by using

Eq. (7), while the dotted lines are obtained by using q.
(5) and assuming that gQ = —O. 035 b.

and the value for Rb(HzO) alum is —p. pp46 b.
Since the value obtained for Cs alum is essentially
identical to the predicted room-temperature val-

s found for the Cs and Hb alums we concludeues oun
53that the quadrupole moment of Cr has the value

eQ= —0.035+0.005 b. The value of —0. 0046 b
found at 4. 2 'K for Rb(H~O) is too small by nearly
an order of magnitude, so it is concluded that
Eg. (7) is not applicable to the Rb alum at low
temperature because it predicts the wrong value
of V„. If one assumes that eQ = —0.035 b for
Rb alum, then from Eg. (5), we find V„=0.152
x 10 cm '/b at 4. 2'K. The values of V« found
using Eqs. (7) and (5) for both Rb(HzO) and
Cs(H20) alums are plotted in Fig. 8. It appears
likely in Rb alum that the large temperature
change in D is associated with a complex behavior
in Vgg.

The only other experimental value of the nu-
clear quadrupole moment of 53Cr reported was
th t f Terhune et al. ~ from ENDOR studies ina 0

1ruby. They found a value of —0. 03 b in essentia
agr eement with our value. However, the agree-
ment is fortuitous because incorrect assumptions
were made in the case of ruby. The analysis con-
sisted of comparing the quadrupole interaction
constants of the Cr ' and Al ' sites in ruby using
Eq. (5) and then assuming that V„was the same
in both sites. They also assumed that 1 —y„
=6.0 for Cr ', whereas the best value is now
known to be 12.0 + 1. If their analysis is redone
using eQ = —0.035 b, 1 —y„=12.0 for Cr ', and
&@=0. 149 b, 1 —y„=3.36 for Ala', one finds
V„(Al site) =2.4 V„(Cr site) in ruby. The nega-
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tive sign of eQ for ~BCr is verified in our work
since only this sign will allow the experimental
results to be fitted to the spin Hamiltonian.

The nuclear Zeeman interaction was isotropic
in each of the alums studied, and the effective
nuclear g value was found to be g„'„=g„,
= —0.3111+0.0005 in each case. This interaction
contributed about 1.0 and Q. 5 MHz, respectively,
to the splittings of the energy levels at the high
and low magnetic field positions of the hyperfine
lines along the z axes. These splittings are large
enough to be readily measured by ENDOR. Using
the Cr~' free-ion values of A. =91 cm ', (1/x )
= 3.959 a. u. , and taking the average value of
~=- 0.028 o»e finds the shielding factor from
Eg. (6) to be o =0. 0072. The nuclear g value is
then calculated to be g„=g„'/(1+ o) = —0. 3090. The
nuclear magnetic moment is given by p„=g„I
nuclear magnetons, and so if I= —,

' we find p, „
= —0.4640 p„ for "Cr. This can be compared to a
handbook value' of p.„=—0.4735 p.„obtained by

NMR of ' Cr in solution. The deviation between
the two values is outside experimental error and
the lack of agreement is unexplained. However,
it is generally recognized that the value of p, „can
best be determined independently from NMR mea-
surements. ENDOR measurements of p, „ for ' Cr
in MgO ' and ruby give values in essential agree-
ment with the handbook value, but these measure-
ments were made in a narrow region of magnetic
field, whereas our measurements spanned a region
of over 2000 G. It is possible that the narrow
region allows more freedom in fitting the g„' pa-
rameter than was possible in our work.
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