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Electron-nuclear-double-resonance (ENDOR) studies are reported for the isotope **Cr’* enriched to
96% in guanidinium aluminum sulfate hexahydrate (GAISH). The measurements were done at 4.2 °K
and X -band microwave frequencies (~9.4 GHz). The study allowed accurate values of the
spin-Hamiltonian hyperfine parameters to be determined and ENDOR patterns to be classified. The sign
of the zero-field splitting parameter D was found to be negative, where previously only a positive
relative value had been quoted. A linear relationship was found when plotting values of Q' vs 4-B,
utilizing data obtained in GAISH and previous results of RbGa and CsGa alums. The best value of the
quadrupole moment of 3Cr was determined to be Q = —0.028 4 0.005 b.

I. INTRODUCTION

Electron-nuclear -double -resonance (ENDOR)
experiments were carried out on **Cr®* ions doped
in single crystals of guanidinium aluminum sulfate
hexahydrate (GAISH), C(NH,);Al(SO,),*6H,0. The
chromium dopant was 96% enriched *3Cr®* isotope
with a concentration of less than 0. 01 wt% in the
crystals. The crystals were colorless and grew
from aqueous solution, exhibiting the usual hexag-
onal plates with flat faces parallel to {0001}. The
measurements were done at 4. 2°K and X-band
microwave frequency (~9.4 GHz). The experi-
mental equipment used has been described pre-
viously. 12

Crystallographic studies®™” of GAISH and its
isomorphs have illuminated the structure and
properties of this material. It was found to be
ferroelectric with space group CZ,(P31m), and
containing three molecules per unit cell. The di-
rection of spontaneous polarization is along the ¢
axis of the crystal. The polarization appears to
exist for all temperatures where the crystal is
stable. The measurements of Holden et al.,® in
the range 90- - 50°C, show that the spontaneous
polarization increases in magnitude with decreas-
ing temperature. Each Al ion in GAISH is sur-
rounded by an octahedron of water molecules which
is trigonally distorted by a slight compression
along the crystal ¢ axis. Furthermore, each Al
ion is displaced somewhat along the ¢ axis from
the center of the octahedron. Two of the three Al
complexes are crystallographically equivalent.
The ferroelectric mechanism in GAISH was attrib-
uted by Schein et al.® to ¢-axis displacements of
the atomic parameters which are not related by a
center of symmetry and are not compensated for
by displacements in the opposite direction. These
conditions are found to hold for the three Al com-
plexes.

The electron-spin resonance (ESR) of Cr* in
GAISH and its isomorphs was studied by a number
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of authors, ¥ Two nonequivalent magnetic com-
plexes exhibiting axial symmetry about the ¢ axis
were found. The ESR lines of one complex have
twice the intensity of the other, indicating that the
former consists of two equivalent complexes. This
result is consistent with the crystallographic data.
The work of Daniels et al., ! in the range 295—
35°K, shows that the D-spin-Hamiltonian param-
eter of each complex increases almost linearly as
the temperature is lowered. The work of Milsch
et al.*? involves the study of the satellite lines
which also occur in the ESR spectrum.

The purpose of the present work is to obtain
precise values of the spin-Hamiltonian hyperfine
parameters of ®Cr® in GAISH in order to deter-
mine the behavior of the crystal and the applica-
bility of the theory. The GAISH crystal is partic-
ularly interesting because (i) the chromium sites
have axial symmetry and hence can be more easily
studied; (ii) the D-spin-Hamiltonian parameters
increase with decreasing temperature, which is the
reverse of what usually happens in most crystals;
and (iii) the crystal is ferroelectric. One would
like to know if the increase of the D parameter is
related to the ferroelectric behavior of the crystal,
and in fact if the ferroelectric property manifests
itself in any way in the ENDOR results.

ENDOR of **Cr® in hydrated salts was done pre-
viously by Danilov and Manoogian® in the gallium
alums RbGa(SO,),*12H,0 and CsGa(S0,),*12H,0.
The Ga ions in the alums are coordinated by near-
ly-regular octahedrons of water molecules. The
Cr® impurities which replace Ga were found to be
subjected to a trigonal distortion along the crystal
(111) direction. Values of the D-spin-Hamiltonian
parameters in the gallium alums and in GALSH are
of the same order of magnitude at 295°K., In the
gallium alums, it was postulated on the basis of
assumptions regarding the crystalline electric field
at the chromium sites that the quadrupole moment
of *Cr is @ =-0.035+0.005 b. The additional
GAISH ENDOR results indicate that the previous
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assumptions are probably true and that the quad-
rupole moment is reduced slightly from the above
value.

II. RESULTS

The spin Hamiltonian used to describe the reso-
nance results is of the form

3o =gukpSeH, +gikp (SHy + S,H,)
+D[SZ-4S(S+1)]+AS,I, + B(S,I, +S,1,)
+ Q12 =4I+ 1)] - gluit wlH,
— gnikt §IH, + LH,). (1)

The first three terms of Eq. (1) are the usual fine-
structure terms used in ESR, while the last five
terms are the hyperfine terms which are evaluated
in the ENDOR work. The ground state of 3Cr®* is
described by the quantum numbers S=3 and I=3,
and so the Hamiltonian can be represented by a
16X16 matrix. The rotation of the above Hamil -
tonian by 90° to a perpendicular direction has been
described previously. %

A. ESR results

Prior to performing ENDOR it is necessary to
study the ESR of Cr®* so as to determine the perti-
nent g values and D parameters of the chromium
complexes in the particular GAISH crystals grown,
This was done on crystals doped with Cr®* in its
natural isotopic form and with the 8¢cr® isotope
enriched to 96%. The study was done both at 295
and 4. 2°K.

The usual two chromium magnetic complexes
exhibiting axial symmetry about the crystal ¢ axis
were found in the ESR work. No differences in the
g and D values were found due to the isotopic form
of the chromium. Typical ESR spectra obtained at
295°K for the natural chromium isotope when the
magnetic field was set along the z axis and along a
perpendicular direction are shown in Figs. 1(a)
and 1(b), respectively. ESR lines belonging to the
two complexes are labeled G(1) and G(2). The
spectra obtained for 3Cr®* are the same as shown
in Fig. 1 except that each fine-structure line now
consists of a group of four hyperfine lines as shown
in Fig. 2. Magnetic-field measurements were
made at the center of the hyperfine group in the
ESR work, and at the positions marked H;, H, and
H, in the ENDOR work when operating at 4. 2°K.

The ESR lines obtained for *Cr®* in GAISH at
4,2°K are shown in Fig. 3. It is seen here that
the groups of hyperfine lines appear at the tops of
large bulges. The reason for the bulges is uncer-
tain, but it was noted that they were always larger
for the high-field lines than for the low-field lines
along both the z and perpendicular directions.
Their presence was found to be typical for GAISH,
and we did not observe this behavior previously
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FIG. 1. Cr’* ESR fine-structure spectra obtained in
GAISH at 295°K when the magnetic field was set (a) along
the z axis (crystal ¢ axis) and (b) along a perpendicular
direction. The lines for the two inequivalent magnetic
complexes are denoted by G(1) and G(2).

when working with alums, The presence of bulges
did not cause any difficulty when obtaining ENDOR
results, but one must be careful in obtaining the
sign of the D parameter when comparing the rela-
tive intensities of the low- and high-field lines
from the z-axis spectrum at 4. 2°K., By studying
only the intensities of the hyperfine lines, which
ride on top of the bulges, it is observed that the
low-field lines have a greater intensity than the
high-field lines in the proportion 1.4:1. This
fixes the sign of D to be negative for both com-
plexes.

The calculated values of g and D are listed in
Table I. The fine-structure energy-level diagram
for the G(1) complex at 295°K is shown in Fig. 4.
It is seen in Table I that the g values are essential-
ly isotropic and the same for both complexes,
while the D values increase with decreasing tem-
perature. The percentage changes in D, i.e.,
(100AD)/Dy,; °x , are found to be 36. 6% for complex
G(1) and 35.1% for G(2), which are nearly identi-
cal.

B. ENDOR results

ENDOR measurements were made at 4.2°K in
the 75-MHz range on the low- and high-field
groups of hyperfine lines for each magnetic com-
plex, in both the z and perpendicular directions.
Typical chart recordings of the z-axis ENDOR
spectra of complex G(1) for magnetic-field settings
on the low-field group of hyperfine lines (M= -5 -
-3) and on the high-field group (M=%~ 3) are
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FIG. 2. ESR spectrum of a typical group of four
hyperfine lines of ¥*Cr’* when this isotope is doped in the
GAISH crystal. This particular spectrum is taken from
the low-field line of complex G (1) on the z axis at 295 °K.
ESR magnetic-field measurements were obtained at the
center of the packet, marked H,, while ENDOR mea-
surements were obtained at the three points marked H,,
H,, and H, when working at 4.2 °K.

shown in Figs. 5 and 6, respectively. These re-
sults are classified in Fig. 7. Essentially, the
same results are obtained for complex G(2), there
being no qualitative difference between the two
complexes. The method of parameter fitting was
as follows: The values of g,, g, and D were ob-
tained from the ESR measurements. The spin
Hamiltonian of Eq. (1) was then diagonalized using
second-order perturbation theory to give a set of
equations which were solved to give rough values

A
I

T=4.2°

Magnetic Field (KG)

FIG. 3. 3Cr® ESR spectra obtained in GAISH at 4.2°K
when the magnetic field was set (a) along the z axis
(crystal ¢ axis) and (b) along a perpendicular direction.

of A, B, @', and g, when utilizing the z-axis
ENDOR data. These values were then used as a
starting point for exact diagonalization of the spin-
Hamiltonian matrices for the z and perpendicular
directions using an IBM 360 diagonalization sub-
routine. The final values of the parameters are
listed in Table I. The ENDOR results were fitted
with an average error of 7 kHz, which was consis-
tent with the accuracy of the experimental mea-
surements,

III. DISCUSSION AND CONCLUSIONS

The D parameter was found to be negative. In
other chromium ESR work!®!! in GAISH where
measurements were made at low temperature (but

TABLE I. Spin-Hamiltonian parameters of **Cr®* in GAISH.

Spin-Hamiltonian

Complex G(1)

Complex G(2)

parameter 295°K 4.2°K 295°K 4.2°K
&
(£0.0005) 1.9788 1.9782 1.9784 1.9783
&1
(£0.0008) 1.9781 1.9784 1.9781 1.9775
D(10™ em™)
(*5.0) -1733.0 -1,155.3 - 577.2 - 888.7
A(10™ cm™)
(+0.0005) 17.0774 17.0982
B(10™ cm™)
(+0.0005) 17.4273 17.4236
Q' (10~ cm™)
(x0.0010) 0.1682 0.1866
&n
(+0. 0005) - 0.3165 -0.3165
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FIG. 4. Cr’ fine-structure energy-level diagram of
the complex G(1) when the magnetic field was set (a)
along the z direction and (b) along a perpendicular direc-
tion for measurements at 295 °K.

not as low as 4. 2°K) the D value was assumed to
be positive. Presumably those authors refer to
only the relative sign of D, The negative-D value
fits into the theoretical framework of McGarvey*®
which correlates the relative magnitudes of the A
and B hyperfine parameters and the axial extension
or compression of the octahedron of waters sur-
rounding the chromium ion.

McGarvey!® has given the following expressions
which describe the A and B parameters:

A=P[#(1 -24%+b%) - K], )
B=P[ - & (1 - 24° + b®) - K]. (3)

Here P=-40x10™ cm™ for **Cr%; the first term
in the square brackets arises from the electron-
nuclear dipole-dipole interaction, while the K
represents the contribution due to the Fermi con-
tact term. For a site with octahedral symmetry
of the coordinated ligands we have a®=%, b%=1%,
and 1 -24%+b%=0, giving A = B from Egs. (2) and
(3). Inthis case, the hyperfine interaction is iso-
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FIG. 5. ENDOR spectra obtained along the z axis for
the low-field group of hyperfine lines of complex G(1);
(a), (b), and (c) are the spectra obtained when the mag-
netic field was set on positions H;, H;, and H;, respec-
tively, as indicated in Fig. 2. The description of fre-
quencies vy,, Viy, etc., is explained in Fig. 7.
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FIG. 6. ENDOR spectra obtained along the z axis for
the high-field group of hyperfine lines of complex G(1);
(a), (b) and (c) are the spectra obtained when the mag-
netic field was set on the low-, middle-, and high-field
positions, respectively, of the hyperfine group.

tropic and is given by PK. If a®<% and b%> % then

1 -24%+b® is positive and A < B. McGarvey!” shows
that the D parameter is negative for this case and
the coordinated octahedron is trigonally com-
pressed. If a®>% and b%<3 then 1 - 24%+ b? is neg-
ative, giving A> B. This case corresponds to a
positive D and a trigonal extension of the octahe-
dron,

In the analysis which follows we include the re-
sults found previously for gallium alums, 2 since
this gives us more data to work with when attempt-
ing to fit the ENDOR results to the simple theory.
Also, it is possible to check if the various assump-
tions made in the case of gallium alums are true,
In this respect, the pertinent spin-Hamiltonian
parameters and other data calculated for the two
types of crystals are listed in Table II,

Subtracting Eqs. (2) and (3) we obtain the ex-
pression A - B= £ P(1 - 24° + b%), which allows the
value of 1 - 24% + b% to be calculated. As seen in
Table II the experimental values of A — B are neg-
ative for GAISH, and so 1 - 24°+b® is positive since
P is negative. This corresponds to a®<% and is
related to a negative-D value consistent with
McGarvey’s theory. The results are also consis-
tent with the fact that the octahedron of waters
surrounding a Cr or Al site in GAISH exhibit a
trigonal compression.” Adding Eqs. (2) and (3) we
obtain the relation A + B=2P[(1 — 2a% + b?)/21 - K],
which allows the K values to be calculated. These
values are listed in Table II, and they are seen to
be essentially identical to the values obtained in
the alums.

The following simple relation has been given!®
for the D parameter and the electric-field gradient
V.. due to charges and dipoles external to the Cr
ion:

D=3 A/ aE¥r®V,, . 4)

The quantity X is the spin-orbit coupling constant
of Cr in the crystal, E is the energy separation be-
tween the ground state *4, and the excited state
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FIG. 7. Classification of the key z-direction ENDOR
lines of the G(1) complex; (a) representsthe M;=—3—~3
hyperfine lines, (b) gives the relative positions and in-
tensities of the ENDOR lines obtained when the magnetic
field was set at the Hy and Hj positions, (c) represents
the My=2— 1 hyperfine lines, and (d) gives the relative
positions and intensities of the ENDOR lines obtained

when the magnetic field was set on the H; and Hg positions.

T,, and (r? is the average value of 72 for the Cr*
3d wave function. Values of V,, for GAISH are
calculated using A=87 cm™, AE=17320 cm™, (r®
=1.447 a.u., and the D, ;0 values. These re-
sults are listed in Table II along with the values
previously calculated for the gallium alums. 2

The nuclear quadrupole interaction constant @’
in the spin Hamiltonian can be written in terms of
the quadrupole moment eQ of Cr as

Q'=[3V,.eQ/412I -1)] (1 - 7.), (5)

+ Rb Ge alum
o Cs Gaalum
o G(2)
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FIG. 8. Plotof | Q| and |A-B| vs | D| for the two
GAISH complexes G(1), G(2), and including CsGa alum
and RbGa alum, utilizing results obtained at 4.2 °K.

where V,, is the electric field gradient external to
the chromium ion, and 1 -7, is the Sternheimer
antishielding factor for Cr®* with a value?!®
12,0£1.0. Using the values of V,, found from Eq.
(4) it is possible to calculate corresponding values
of @, and these are listed in Table II. It is inter-
esting to note that the @ values obtained for the two
complexes in GAISH are similar to the value ob-
tained in CsGa alum. In the analysis of the gallium
alum ENDOR work?® it was stated on the basis of
assumptions regarding the behavior of the alums
that the value found for CsGa alum was probably
the correct one. The value found for RbGa alum
was considered to be too small because Eq. (4) did
not predict the correct value of V,,.

It would appear that Eq. (4) applies only in a
limited range of D vs V,,. This effect is shown in
Fig. 8 where the absolute values of | D| are plotted
against |A - Bl and | Q’!. The dotted line in this
figure indicates where | Q’lc|D| holds, or alter-
natively, |V, l<|D|. Figure 8 shows an interest-
ing feature which includes the RbGa alum data, and
that is the empirical fact that the | A — Bl curve
follows the | Q’l curve very closely. To show this

TABLE II. Tabulation of some GAISH and alum® ®Cr?* spin-Hamiltonian parameters

and other relationships obtained at 4.2°K.

Parameter

or relation GAISH (G1)  GAISH (G2)  RbGa(SOy),*12H,0 CsGa(SO,),* 12H,0
A(10* cm™) 17.0774 17.0982 17.3722 17.2119
B(10~* cm™) 17.4273 17.4236 17.2914 17.4754
A-B(10* cm™) —0.3499 —0.3254 0. 0808 —0.2635
A+B(10* em™) 34.5047 34,5218 34.6636 34,6873
@ (10~ cm™) 0.1682 0.1866 —0.0164 0.1546
D(10™ ecm™) -1,155.3 —888.7 534, 2 —670.1
1-2a%+b? 0. 0307 0. 0285 —0.0071 0. 0231
K 0.433 0.433 0.433 0.435
Vee(10™ cm™/h) —2.637 —-2.029 1.287 —1.597
Q®) —-0.021 —0.031 —0.0042 —-0.032

2After Danilov and Manoogian, Ref. 2.
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FIG. 9. Plot of A-Bvs @ for the two GAISH complexes
G(1), G(2), and including CsGa alum and RbGa alum,
utilizing results obtained at 4.2 °K.

effect more clearly, values of A - Bvs Q' are plot-
ted in Fig. 9. Here it is seen that all the points
fall close to a straight line, and this result is con-
sistent even when the relative signs of A — B and
Q' are accounted for. Witnin restrictions of the
limited number of points which make up Fig. 9, it
seems more correct to say that Q’c« (A — B) rather
than @'« D or V,,. However, we cannot utilize the
results of Fig. 9 in any absolute calculations of @
because the proper equation relating all the perti-
nent parameters is unknown.

In view of the data obtained so iar, the bestvalue
of @ for ®Cr can be obtained by averaging the val-
ues found for G(1), G(2), and CsGa alum, giving
Q=-0.028+0,005 b. This value is slightly lower
than the value @ = —0.035+0. 005 b predicted from
the limited data presented by the gallium alums,
but it is very close to the value of | Q| =0.026 b
predicted in the theoretical analysis of transition-
metal sesquioxides by Artman, 2°

The effective g value, g,, was found to be iso-
tropic and the same for both complexes. The true
nuclear g value g, is related to g} as g,=g./(1+0)
where ¢ is the shielding parameter. The value of
o can be calculated from the formula®

o=-5.84(1/73(ag/), (6)
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where Ag is the electronic-g-value shift from

2. 0023, A is the spin-orbit coupling parameter of
Cr* in units of cm™, and (1/7% is the average
value of 1/7°% for the Cr® 3d wave function. Using
the Cr®* free-ion value of A=91 cm™, (1/7% =3.959
a.u., and Ag=-0.024, one finds o =0, 00638 which
gives a g, value of —0.3145. Since the nuclear
magnetic moment is u,=g,l, we also find u,
=-0.4718uy for #Cr. This is close to the hand-
book value® of —0.4735u y obtained from NMR
studies of *Cr in solution.

The phenomenon of ferroelectricity in GAISH did
not manifest itself in a dramatic manner in the
ENDOR studies. It is noted above that the spon-
taneous polarization in the crystal increases with
decreasing temperature, and the same is true for
the spin-Hamiltonian-D parameter. The ENDOR
work shows that the sign of the D parameter can
be related to a compression of the octahedran of
waters surrounding the chromium ion, and an in-
crease in the magnitude of D with decreasing tem-
perature could be due to an increase in the com-
pression. However, in the ferroelectric GAISH
crystal the Cr or Al ions are also displaced from
the center of the octahedron and this effect can
give a contribution to the D parameter. In this re-
spect it is noted from the x-ray results’ of GAISH
at room temperature that the site which gives rise
to the chromium complex G(2), which has the
smaller D value, actually has a slightly larger
compression than the G(1) site.

In conclusion, it is seen that the precise mea-
surement of the *3Cr® hyperfine parameters pro-
duces information which allows a more complete
analysis of crystal behavior and applicability of
existing theories to be made., It is evidentthat
more work on other hydrated salts is desirable in
order to check the general validity of Fig. 9 and
of the hypotheses made in this study.
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