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Abstract. The ENDOR spectra of Cr®% ions in natural MgAlzO4 spinel have been
measured at 4.2 K and the hyperfine and quadrupole interactions with the nearest-
neighbour 27 Al nuctei and with the 53Cr isotope have been investigated. The results
show that Ce*t has the point symmetry 3m, being subjected to the original trigonal
expansion at the B sites, but inducing some distontion effects on its surroundings. Further,
the isotropic hyperfine constant of the 27 Al nuclei has been analysed in an independent
bonding model, showing that there is appreciable transfer of unpaired spin to the
aluminium ion due to covalency.

1. Introduction

The spinel structure is usually assigned to the cubic space group Fd3m. The A sites
(point symmetry, 43m (T,)) are surrounded by four oxygen ions, and the B sites
. (3m (D34)) by six oxygen ions which form a trigonally expanded octahedron along a
[111] crystal direction (figure 1). In an ideal normal MgAl, O, spinel, the Mgt ions
occupy the tetrahedral A sites, and the AI*+ jons the octahedral B sites. In the case
of real crystals it has been shown that the MgAl,O, spinel is partially inverse (see
[2] and references therein), although samples from a natural origin normally have a
small inversion parameter (about 0.04).

On the other hand, during the fast 20 years a great controversy on the assignation
of the correct space group has arisen. The other space group proposed is F43m,
with the B sites having the point symmetry 3m (C,,) (without an inversion centre).
Up to now many different techniques have been used to clarify this problem, but
the results favour the space group Fi3m [3-12] as much as Fd3m [13-17]
particular, in the case of the Cr3* jon in MgAl, O, spinel, which enters the B sites
(figure 1), several workers [18-20] have suggested that the chromium jons would be
shifted away along their local trigonal {111) axis, ie. the point group of chromium
would be 3m instead of 3m.

In this controversial situation we have carried out electron-nuclear double-
resonance (ENDOR) experiments on Cr3+ ions incorporated in single crystals of natu-
ral MgAl, O, spinel, in order to investigate the magnetic interaction of the unpaired
spins of the Cr** ion with the surrounding nuclear spins of the 100%-abundant 27Al
nuclei (I = ), as weli as with the 9.50%-abundant *3Cr isotope (/ = 2). This study
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Figure 1. Partial scheme of the MgAl2 Oy lattice, with the space group F'd2m, showing
the surroundings of the B sites (where chromium enters) and the system (a,b,c) of
cubic axes. In pure MgAl; Oy the oxygen atoms are shifted [rom the corners of the cube
towards its centre, forming a trigonally expanded octahedron along the (111) direction.
The distances are 1.928 A from oxygen to aluminium and 2.857 A from aluminium to
aluminium. (After [I].)

allows direct dctermination of the local symmetry of chromium and provides reliable
estimates of spin transfer into oxygen and aluminium orbitals and of the degree of
covalency of this centre.

2. Experimental details

The Mgal, O, samples used are from a natural origin and have a light violet colour.
X-ray fluorescence and chemical analysis, respectively, provided the stoichiometry of
these samples (molar ratio of MgO:Al,O,4, 1:1.08), and main impurity contents (Fe,
about 1000 ppm; Cr, Mn, about 100 ppm; V, about 3000 ppm; Zn, about 400 ppm).
The ENDOR measurements have been carried out at 4.2 K with a modified Varian
E-1700 ENDOR spectrometer working in the X band. This apparatus employs a 20 W
broad-band amplifier (ENI 420L) loaded by a three-turn coil (0.15 pH) placed inside
the H,,, microwave cavity. The loaded @ of this cavity is about 6000. Only a
modulation of the RF field (range, 0.1-160 MHz) saturating the NMR transitions was
employed without any additional modulation of the static magnetic field. The ENDOR
spectra were measured with both amplitude and frequency modulation (A f mode)
of the saturating RF field {21). In the A f mode (differential pulse method) the RF
signal from the frequency synthesizer is frequency modulated at 1 kHz and fed to
the RF gate. The gate chops the frequency-modulated signal, but at 2 kHz. The
difference between the frequency of the pulses is constant (A f) as the average RF is
swept. ENDOR signals such as the derivative of an absorption line are observed.

3. Results

3.1. EPR results

Although the electron paramagnetic resonance (EPR) spectra of Cr3* in MgAl,O,
have been extensively investigated by several workers [22-27), further measurements
were carried out at 300 and 4.2 K in order to identify the lines originating from
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the Cr®t ions and to determine the exact orientation of the natural samples in the
magnetic field.

In the previous EPR studies the chromium ion was always found to occupy the
B sites (figure 1). Moreover, several kinds of Cr centres in MgAl, O, spinel were
observed, one axial [22-24] and two orthorhombic [25, 26] Cr centres, as well as
nearest-neighbour Cr**+ pairs [27]. The axial centre always gives rise to the most
intense EPR signals. Our samples showed an intense EPR spectrum (linewidths, about
3 mT) without hyperfine structure, which has been attributed to the axial Cr cen-
tre [22-24]. The EPR spin-Hamiltonian parameters (g; = 1.985; —g, = 1.983;
D = 0.915 cm™?) given by Berger [24] allow us to explain the angular variations in
our EPR spectra at 300 and 4.2 K, as shown in figure 2. Each of the four existing
Cr centres has the trigonal distortion axis along a [111] crystal direction. Moreover,
because of the large fine-structure parameter D, only one electronic transition gives
rise to intense EPR lines, which has been identified as the |1} — | —1) in the low-field
limit, since D > 0 [24].
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Figure 2. EPR angular variation at 4.2 K of the |1) « | — }) electronic transition of
the Cr3t ions in MgAl,Oy: O, experimental magnetic field values; ——, theoretical

values obtained with the EPR paramelers given in the text. The magnetic field lies
approxiamately in a plane which contains the {111} erystal direction, forming an angle
& with such direction. The EPR lines are labelled with the corresponding [111] principal
axis of the chromium centre.

3.2. ENDOR results

ENDOR spectra have been obtained by saturation of the above-mentioned EPR tran-
sition for different orientations of the magnetic field along the four EPR angular
variations shown in figure 2. They consist of two well separated sets of ENDOR lines
in the regions from 5 to 10 MHz and from 20 to 50 MHz. Such sets are due to 27Al
and °3Cr nuclei, respectively, and they will be described next.

3.2.1. Aluminium ENDOR spectra. The ENDOR spectra in figure 3 show clear quintets
with peak-to-peak ENDOR linewidths of about 120 kHz and relative intensities close
to 5:8:9:8:5. Each quintet corresponds to the five allowed transitions between the
six hyperfine levels of one 27Al nucleus or two magnetically equivalent *7Al nuclei,
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taking place in one electron spin state A . The splitting of the quintets results from
quadrupole and second-order hyperfine interactions. The most intense *7Al ENDOR
line in figure 3(e) arises from a strong overlapping of lines and it splits for other
magnetic field orientations. The angular dependences of the ENDOR spectrum in
figure 4 show this effect well. Moreover, in this figure it is possible to observe that
the ENDOR spectrum consists of three quintets. Therefore, as there are six aluminivm
nuclei surounding chromium, they must be equivalent in pairs.
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Figure 3, BNDOR spectra of 27 Al in natural MgAla Oy single crystals with Cr*t ions.
The magnetic field is approximately forming an angle of (a) 58° with the {111} and 12°
with the (111} crystal directions and () 28° with the (111} and 88° with the {111}
crystal directions.
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Figure 4. Angular variations in the 27 Al ENDOR speetrum oblained by saturation of
the two EPR lines shown in figure 2: O, experimental ENDOR [requency values; ——,
theoretical angular variations obtained by solving the spin Hamiltonian of (1) with the
parameters given in table 1. 8 is the angle beiween the magnetic field and the {111}
crystal direction,

On the other hand, it was not possible to observe the three other quintets which
should arise from the other electron spin state. However, these 2TA] ENDOR lines are
expected to occur in the region from 0 to 4 MHz, where the transition probabilitics
of the ENDOR signal are very low owing to the small enhancement factor.
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The ENDOR frequencies with the selection rules AMg = 0, AM,; = 1, can
be described by the following spin Hamiltonian for the six aluminium nuclei which
surround chromium:

H= 9]]5325'2 + 9.8(Bx Sx + By 8y) + D[S — $5(S +1)]

6
+> (5-A T +1-Q -1, -g,8,B 1)) (1)

i=1

with S = 2 the electron spin of Cr3* and I = $ the nuclear spin of 2"AL The
first three terms of (1) correspond to the EPR Hamiltonian, which is expressed in
the fine-structure axes system (X, Y, Z), with Z along the (111} crystal direction.
The fourth and fifth terms describe the hyperfine and the quadrupole interactions,
respectively. The corresponding two tensors have been assumed symmetric. The last
term in (1) takes account of the nuclear Zeeman effect, where an isotropic factor g,
is used (g, = 1.4554 for ?7Al).

To calculate the frequency values of the ENDOR lines the full 24 x 24 matrix
which represents the spin Hamiltonian of (1) for one 2?Al nucleus has been exactly
diagonalized by computer. This proccdure is necessary because the first three terms in
(1) influence considerably the ENDOR spectra due to the large value of the parameter
D. Furthermore, a least-squares fitting method has been used to obtain the best
estimates of the hyperfine and quadrupole tensors. In this procedure, four ENDOR
angular variations of one #?Al nucleus have been simultaneously fitted (figure 4 shows
two of these angular variations). Table 1 gives the best set of parameters found for
the electron spin state Mg = —3. The errors have been obtained by considering
a 0.05 MHz uncertainty in the line position. The sign of the hyperfine interaction
is obtained according to the sign of the parameter D). Moreover, the sign of the
quadrupole interaction was determined by obscrving the intensity changes in the
ENDOR lines of one quintet as the EPR signal was saturated at different points [28].

On the other hand, it should be pointed out that another different set of param-
eters, for the electron spin state Mg = +1 and A, = ~6.70 MHz, also allows
us to explain satisfactorily the experimental values observed. However, this set has
been discarded since the theoretical frequencies corresponding to the non-observed
electron spin state appear in the region from 0 to 7 MHz, but they have not been
detected in the spectra. Moreover, the set of parameters shown in table 1 predicts the
non-observed frequencies in the region from 0 to 4 MHz, which is unavailable to our
spectrometer. Other reasons for choosing this set concern the resulting anisotropic
hyperfine tensor, as well as the sign of the isotropic contstant A, predicted from
covalency considerations, as discussed in section 4.2.

3.2.2 3Cr ENDOR spectra. In figure 5, a triplet is observed for each electron spin state
corresponding to the three allowed transitions between the four hyperfine levels of
3Cr. The ENDOR linewidth is about 200 kHz. Figure 6(a) shows the angular variation
in the 3*Cr ENDOR spectrum obtained by saturation of the (111} EPR line shown in
figure 2. A strong angular dependence of the ENDOR frequencies is observed near the
(111) axis (@ = 0°), where the spectra are complicated because of the overlapping
of several lines, while 30° away from this direction it is smoother with clear specira
(see also figure 6(b)). This behaviour is due to the considerable influence of the
fine-structure part on the ENDOR spectra,
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Table 1. Principal companents of the hyperfine and quadrupole tensors of the six 27 Al
nuclei surrounding Cr*+ jons in natural MgAl,O4 spinel. The principal axes given
correspond to nucleus 1 in figure 1. They are expressed by polar coordinates 6 and
¢ and Miller indices, referred to the cubic crystal axes system {a, b, ¢). Inversion and
rotations of 120° and 240° arcund the {111} axis provide the principal axes for the
other nuclei.

Principal components

@

Principal axes

Value @ Miller
Component  (MHz) (deg) (deg) indices
Aiso 5.63 £0.02 )
Bz -0.94 % 0.02 69+5 114+6 =~ (i21)
Byy -1.02 £0.02 53+4 220+8 =~(111)
zz 1.96£0.03 44+1 141 =~ {101}
- 0.118%0.007 64+6  683%6 = {121)
- 0.054 +0.007 4844 1847 o~ {I01}
r -0.172£0.009 53+2 3172 =~ {111)
MgAl0,Cr3+
53¢cr-ENDOR
B=21mT

35

Figure 5. ENDOR spectrum of 33Cr** in natural MgAlz Q4 spinel recorded when the
magnetic feld is forming an angle of about 40° with the {111} crystal direction.

The allowed ENDOR frequencies can be described by the following axially sym-
metric spin Hamiltonian in the ground state of $3Cr3* jons (S = §; I = 3y

40

45

H =g BBz 8z + 9,8(Bx8x + By 5y) + D[S} ~ 15(S + 1)]

+ A8zl + B(Sx iy + 8y Iy)+ QUL - 311+ 1)) - g8, Bz
- giﬁn(BXiX + Byiy)-

This spin Hamiltonian has been expressed in the fine-structure axes system, with Z
along a [111] crystal direction. The first three terms are the same as in (1)}. The
fourth and fifth terms describe the hyperfine interaction, the sixth term describes
the quadrupole interaction, and the seventh and eighth terms describe the nuclear

Zecman effect.

50
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Figure 6. Angular variations In the 5*Cr enDOR spectrum. The artow in (@) indicates the

spectrum shown in figure 5. O, experimental ENDOR frequency values; —, theoretical

angular variations obtained by solving (2) with the parameters given in table 2. Mg
stands for the electronic spin state quantum number in the low-field limit.

Because of the large-D effects the 16 x 16 matrix which represents the complete
Hamiltonian of (2) has been exactly diagonalized by computer, and a similar method
to that in the case of 27Al has been used to determine the hyperfine and quadrupole
tensors (table 2). The signs of these tensors have been obtained using the procedure
described in the previous section.

Table 2. Hyperfine and quadrupole parameters and nuclear g-values for 53Cr3t in
natural MgAl; Oy spinel.

A B : Q'
MHz MHz MHz g&‘ g%
49.34 £0.04 46.49 + 0.01 0.878 £ 0.006 -0.315 £ 0.008 —0.306 £ 0.008

4. Discussion and conclusions

Good agreement between experimental and theoretical ENDOR frequency values has
been obtained, as observed in figures 4 and 6, which indicates that the preceding
assumptions on the tensors and local symmetry of chromium for the spin Hamilto-
nians (1) and (2) are correct, as well as the nuclear factor g, used for 27Al. The
nuclear factor g, for ®*Cr has been found to be isotropic within experimental error,
and its value is very close to the tabulated value {—0.3147).

4.1. 33Cr hyperfine interaction

The magnitude of the isotropic hyperfine constant A, ., = (A+28)/3 = 47.44 MHz
is close to other values found in the literature for 5*Cr surrounded by six oxygen
jons [29-31], and its positive sign is also in accordance with these studies, which
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ensurcs a positive sign for the fine-structure parameter D. The constant A, is
related to the fraction of unpaired spin density present on the Cr®* ion, which
can be obtained by comparison with the free-ion value. Simdnek and Miiller [32]
estimated a value of —25 T for the hyperfine field per electron spin in the case of
the isoelectronic free V2% ion. Therefore, a value of 60 MHz is obtained for the
isotropic constant of the free *3Cr®t jon. So, a fraction of unpaired spin density of
0.79 is estimated on the Cr3* ion in MgAl,O,.

On the other hand, as shown by McGarvey [33], the hyperfine parameters A and
B can be described from first-order perturbation theory by the following expressions:

A= P[&(1-2a* +b*) - K]

ek ®
B = P[-%(1-2a*4 ") — K]
where P = —40x107% em~? for *3Cr3F, K is related to A, through 4, = -PK,

and 1 — 2e? + b? arises from the electron-nuclear dipole-dipole interaction, where
a? + b® = 1. When the symmetry is octahedral, o? = £, giving A = B. In our case
the values of A and B (table 2) give a? = 0.694 which is larger than £ as A > B.
McGarvey [33] has shown that the parameter D is negative when A < B, and the
coordinated octahedron is trigonally compressed, with o? < 2. Therefore, in this
framework it follows that the relation A > B (a® > %) corresponds to a positive
D-value and a trigonal extension of the octahedron, according to Manoogian and
Leclerc [31]. This result is consistent with the sign of D and shows that the Cr3* ion
is subjected to the original trigonal expansion at the B sites,

4.2. ¥ 4l hyperfine interaction

The anisotropic part of the 27Al hyperfine interaction is almost axial (see table 1),
and the principal axis which corresponds to the largest component B,, points from
chromium towards aluminium 1 in figure 1. In a point-dipole model, B,, is given by

B, = 299,88,/ R® )

which, with R = 2.857 A (see caption for figure 1), provides a value B,, =
1.76 MHz. Moreover, il corrections duc to covalent transfer of the magnetic ion
spin onto the oxygen ligands are taken into account [34], then the former value is
cstimated to be larger by about 10%, i.e. B,, = 1.94 MHz. This value accounts for
most of the measured hyperfine anisotropy shown in table 1. The small orthorhom-
bicity observed in this tensor would originate from some unpaired spin density in
aluminium 2p orbitals.

The value of the isotropic constant A, shown in table 1 is due to some unpaired
spin density on APt s orbitals. It can be explained from an independent bonding
model [35], taking into account the nearest-neighbour structures formed by Cri+ and
AR+ at the corners of a square, and two oxygen ions such as O~ and O~ as shown
in figure 1 and in more detail in figure 7.

The unpaired electrons on the sixfold-coordinated Cr®+ ion have the configuration
3d3(t3,), without unpaired electrons on ¢, orbitals (not shown in figure 7). The first
step for transferring unpaired spin from Cr3+ and APt consists of electron transfer
from O%~ to Cr** and = overlap, which leaves a positive unpaired spin density f, in
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Figore 7. Relevant orbitals considered in the analysis of the 27 Al isotropic hyperfine
interaction. The depicted orbitals are the tz; orbitals dgp, dae and Dy, on Crit, the
2s, 2ps, 2pp and 2p. on the O?~ jons, and the 2s and 3s orbitals on AI**. The orbitals
shown as broken curves on oxygen ions do not provide any overlap path (see text).

2p,. orbitals on O%~ [35]f. Second, one lobe of 2p, orbitals per each O?~ overlaps
with the 2s orbitals on AI**, causing an unpaired spin density on them which is given
by f.S2,. where S_,_ is the o overlap integral between 2p,_ orbitals on O?~ and
2s orbitals on AI*. Therefore, this contribution to the isotropic hyperfine constant
from one oxygen ion is given by

Auo(25)/2 = £, 525, A0y /25 G

where A, = 51400 MHz is the Fermi contact term for a single unpaired electron
in one AP+ 2s orbital [36]. f, can be estimated from the fraction of unpaired
spin density on the Cr3* jon determined in section 4.1. On account of the six first-
neighbour oxygen ions of Cr®* it is considered that each 2p_ lobe orbital on O~
has a fraction (1 — 0.79)/12 of unpaired spin density, i.e. f, = 0.0175. Therefore,
using (5) with S, = 0.094 as calculated by Taylor et a/ [28] for similar distances
between O?~ and Al**, a value of A, (2s) = 5.30 MHz is calculated. This value
agrees very well with the measured value (table 1).

However, Taylor ef al [28] have shown that there is a non-negligible 2s-3s cross
term contribution to A, . On our case the expression given in [28] for such a
contribution is

Aiso(zs - 35)/2 = _(2ardaa’35 Sazssrd + aaasSO'?s Sid)/(A‘ss,Ss/Qs) (6)

where A, ;. = ~14300 MHz, the overlap integral S ,; == 0.066 and the trans-
fer parameter a, 5, = 0.155 have been taken from [28]. The transfer paramcter

t The 2s and 2p, orbitals on O~ (shown by broken curves in figure 7) will no longer be considered
because they have zero overlap wilh the tzg orbitals on Cr3+ and the negative spin density induced in
such orbitals due to exchange polarization with empty orbitals on Cri+ is not very significant in our case.
For instance, the negative unpaired 2p, density is typically about f- /10 [36).
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a,4 = 0.066 is obtained from f, = (a,4 + S,4)%. Using (6) with these values and
S, ., given above, the value A, (2s—3s) = 1.82 MHz is obtained, i.e. the total value
is A, = 7.12 MHz. However, it should be pointed out that the overlap integrals
used involve some uncertainty, and that the APt 1s orbital has been omitted but
gives rise to a negative 1s-2s cross term [36] which reduces the resuiting s density.
The above covalency considerations also explain the positive sign of the isotropic
constant and, therefore, confirm that the set of parameters shown in table 1 is correct
and the observed ENDOR transitions take place in the electron spin state M = —%.

4.3. Quadrupole interactions

The constant @’ for the axial quadrupole interaction of 3*Cr can be written in terms
of the quadrupole moment eQ of %3Cr as

Q' =1[8VyzeQ/41(2] - 1)}/(1 - n) ™

where V, , is the electric ficld gradient external to the Cr3+ jon,and 1~n = 12.0 is
the Sternheimer antishielding factor for Cret [31]. Using the value eQ = —0.0285b,
I = 2 and the experimental value for Q' in table 2, a value Vy5; = —3.43 x
10~* cm~1/b is obtained.

On the other hand, the *Al quadrupole tensor shows a considerable orthorhombic
character (table 1), and equation (7) cannot be used directly. The orthorhombicity can
be explained by considering that this interaction is built up of two parts. The first part
Q'** would be due to the original ficld gradient at the B sites, which for aluminium 1
in figure 1 is directed along the (111} axis. The second part Q**°* is expected to be a
covalent contribution to the field pradient, which originates from differences between
the occupancies g, and ¢ of aluminium 2Zp orbitals due to the chromium effect, as
proposed by Taylor et al [28]. The value of 3"** was measured in natural MgAl,O,
by Brun and Hafner [37], who obtained Q'> = +0.276 MHz. Therefore, taking
the negative sign for Q'®, the covalent contribution would have the components
Q%" = 0.104 MHz, Q7 = —0.084 MHz and Q72" = —0.020 MHz, along the
directions given jn table 1. In this case the absolute value of Q"°V js similar to that
measured for LaAlO,:Cr3* by Taylor er a/ [28]. Now it is possible to use equation (7)
with the negative value of Q'®, the quadrupole moment of 27Al (e@ = 0.149b),
the antishielding factor for 27 Al 1 — n = 3.36 [31] and I = $, to obtain the electric
gradient external to the AP jon. The result is V,, = —2.45 x 10™* cm~!/b.
The sign of this value agrees with the negative sign of the field gradient at the Cr
site obtained above, and the magnitude is 70% of this. This result indicates that,
although chromium is subjected to the original expansion at the B sites, as discussed
in section 4.1, some distortion effects are expected to occur because the jonic radius
of Cr¥t (0.63 A) is slightly greater than that of AP+ (0.51 A).

4.4. Point symmetry of Cr't ions

Since only three quintets have been observed in the * Al ENDOR spectra, the Cr3+
ion should be located at an inversion centre. However, if the experimental ENDOR
linewidth is taken into account, a possible small displacement of chromium along the
(111} direction must be considered, as suggested by several workers [18-20]. In this
case, the aluminium ions are not exactly equivalent in pairs, and they would give rise
to a broadening of the ENDOR lines. As the ENDOR linewidth is about 120 kHz, a
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maximum difference in the line position of about 60 kHz is estimated for the two
nearly equivalent aluminium nuclei. To explain such a possible difference a point-
dipole model has been used, and a maximum displacement for chromium of 0.03 A
has been obtained. In this case the difference between the two line positions ranges
from 60 to 0 kHz along a theoretical angular variation. However, the experimental
ENDOR linewidth has been found to be invariably constant for all magnetic field
orientations. Therefore, it is concluded that the linewidth is not related to slightly
inequivalent nuclei, and that the point symmetry of chromium in natural MgAl,O,
spinel is 3m (Dy;).

Moreover, as shown by Schmocker and Waldner [2}, the inversion parameter for
natural MgAl, O, crystals is usually very small (about 0.04), and most of the Cr3+
ions would be surrounded by six APt jons. Therefore, our result suggests that the
point group 3m and the space group Fd3m are related 1o low values of the inversion
parameter. This is supported by the proposal of Schmocker and Waldner 2], who
have considered that the displacement of a cation in MgAl,O, is the result of the
actual cation distribution present in the surroundings of this cation.
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