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Tetrahedrally-coordinated trivalent iron has been found to be a common impurity in flux-grown crystals
of zinc oxide. The room temperature paramagnetic resonance spectrum of isolated ions may be described
by a conventional axial spin Hamiltonian with parameters: g=2.0060+0.0005, D= — (59441) X 10~ cm™,
F=(4+5)X10™* cm™, ¢=(39+5)X10™* cm™. Lines due to iron ions with nearby charge compensation
(Li* ions) have also been observed. The magnitude of the cubic field parameter (e) is discussed. The hyper-
fine coupling constant of Fe’” in an enriched sample is |4 | = (9.024:0.2)X 10~ cm™ which is of interest
in connection with Robert’s nuclear resonance measurements of sublattice magnetizations in yttrium-iron
garnet. It appears likely that both sublattices are aligned within 19, at very low temperatures.

INTRODUCTION

RIVALENT iron has been observed several times
with paramagnetic resonance (PMR) techniques
in octahedral coordination' but has been reported only
once previously in tetrahedral coordination.? In the
course of a PMR survey of tetrahedral compounds we
have observed Fe®* as a trace impurity in several crys-
tals of ZnO. The spectrum is here reported and discussed
with particular regard to the strength of the cubic
component of the crystalline field and to the hyperfine
coupling of Fe® which is of importance in determining
the degree of alignment of the & sublattice in yttrium-
iron garnet.

1. SAMPLES AND APPARATUS

Single crystals of ZnO have been grown from fluxes?
of molten lead fluoride by R. C. Linares, Jr., of these
laboratories. In many cases iron-group impurities have
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F16. 1. The sketch at the left indicates the two types of metal
ion sites in the wurzite structure. They differ in the azimuthal
orientation of the cubic axes as shown at the right.

* A preliminary report has been presented: W. M. Walsh, Jr.,
Bull. Am. Phys. Soc. 6, 117 (1961).

1K. D. Bowers and J. Owen, Reports on Progress in Physics
(The Physical Society, London, 1955), Vol. 18. J. W. Orton,
Reports on Progress in Plysics (The Physical Society, London,
1959), Vol. 22.

2S. Geschwind, Phys. Rev. 121, 363 (1961).
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been purposely added in the flux.* We have also added
iron by diffusion from Fe;O3; powder surrounding ZnO
crystals at ~800°C.

The room-temperature conductivity of these samples
is usually high enough to cause excessive microwave
loss. Addition of lithium to the initial melt or a subse-
quent baking of LiOH-coated crystals at 700° overnight
results in very high resistivities® suitable for paramag-
netic resonance (PMR) investigations. The spectrum
of trivalent iron was observed in almost all samples, the
highest concentrations (~10'® ions/cm?) occurring in
purposely doped material.

A conventional audio-frequency field-modulation
spectrometer operating near 12 kMc/sec was used.
Azimuthal rotation of the sample as well as polar rota-
tion of the magnet permitted optimum orientation of
the field relative to the crystal axes. Frequency meas-
urements, both microwave and nuclear resonance (field
determinations), were made with a Hewlett-Packard
counter and associated heterodyning equipment. Pro-
vision was made for mercury lamp illumination of the
sample in order to observe any effects of photoexcited
carriers on the PMR spectra.

2. EXPERIMENTAL RESULTS

Zinc oxide has the hexagonal wurzite structure. Each
metal ion is surrounded by an almost-regular tetra-
hedron of oxygen ions. The bond length along the hex-
agonal axis is slightly shorter than the other three
(1.96 vs 1.98 A). The metal site has trigonal sym-
metry (C3) but there are two inequivalent sites related
by a 60° rotation the about unique axis leading to over-
all hexagonal symmetry as indicated in Fig. 1. The crys-
talline electric field seen by the metal ion has a dominant
component of cubic symmetry with a weaker trigonal
component in addition.

The two sites are magnetically distinguishable in the
case of Fe’t paramagnetic resonance since the high spin
of this ion (S=%) permits both quadrupolar and hexa-
decapolar fine structure splittings to be observed. The

4 R. Pappalardo, D. L. Wood and R. C. Linares, Jr., J. Chem.
Phys. 35, 1460, 2041 (1961).
§7J. J. Lander, J. Phys. Chem. Solids 15, 324 (1960).
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PARAMAGNETIC

TaBLE I. Spin-Hamiltonian parameters of Fe’* in ZnO at
room temperature.

2.0060--0.0005
—(593.74+1)X 10~ cm™?
(4+£5)X104 cm™
(39+£5)X 10t cm™
(9.02+0.2)X 104 cm™?

e ges

spin Hamiltonian appropriate to axial (trigonal or
higher) site symmetry is

H=g8H-S+D[S2—3S(S+1)]
+ (a/6)[S¢+S, St — 15 (S+1) (3524-35—1) ]
+ (F/180)[355.4— 305 (S+1)5.24258.2
—6S(S+1)+3552(S+1)2] (1)

where £, 5, and { refer to the cubic electric field axes and
z refers to the trigonal axis. The distinction between the
two types of sites in the wurtzite structure lies in the
third (cubic) term of Eq. (1) since there are two sets of
cubic axes (see Fig. 1).” This leads to doubling of the
five-line spectrum for a general orientation of the mag-
netic field H with respect to the crystal axes. Figure 2
displays this doubling as a function of polar angle 8
(angle between the field and the ¢ or £ axis) at the azi-
muth appropriate to maximum splitting (H in a plane
defined by the hexagonal axis and a cubic field axis).
The parameters g, D, F, and ¢ have been determined
by numerical diagonalization of the secular determinant.
Using the appropriate expressions given in reference 2,
the magnitudes and relative signs of D and a—F were
obtained from the spectrum taken with H parallel to ¢:
D=4593.7X10~* cm™, ¢—F=7F35.6X10"* cm™. A
choice of signs was made on the basis of two assump-
tions: F is small in magnitude compared with D and a
is positive. The reasons for these assumptions will be
discussed in Sec. 3. It is thus inferred that D is negative.
The secular equation was solved for a few compatible
sets of values of @ and F for several polar angles and two
appropriate values of azimuth. A typical set of computed
points is shown in Fig. 2. By plotting the calculated
line splittings vs the chosen values of ¢ and comparing
with the experimental results it was possible to pick
out an optimum value of ¢ and hence of F. The final
results are given in Table I. None of the parameters ap-
pears to be markedly temperature dependent though no
very careful study was made. It would be desirable to
observe the spectrum at very low temperatures (~1°K)
in order to determine the sign of D directly. Our at-
tempts to do this proved fruitless due to saturation of
resonance transitions. No appreciable reduction in
saturation could be achieved using the light from a high

6 B. Bleaney and R. S. Treham, Proc. Roy. Soc. (London)
A223, 1 (1954).

7 This distinction has been discussed at length by C. Kikuchi
and L. M. Mattarese, J. Chem. Phys. 33, 601 (1960) for the case
of Mn*+ in calcite.
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T16. 2. Polar variation of the line positions in the paramagnetic
resonance spectrum of Fe3* in ZnO. The solid and dashed curves
represent the experimental data taken at room temperature and
11.9 kMc/sec with the magnetic field in a plane containing the
hexagonal axis (0°) and a cubic electric field axis (54°44’) of one
site. The various points are computed as described in the text.

pressure mercury lamp (Osram HBO-200) focused (and
filtered) by glass optics to excite photocarriers.

In addition to the relatively intense spectrum de-
scribed above, a number of much weaker lines grouped
near the central transition (S.=%<«> —1%) were also
observed. These lines are most clearly resolved when
the applied field is parallel to the crystalline symmetry
axis as shown in Fig. 3 where at least nine such peaks
are seen. It is likely that they are the central lines of
Fe*t jons whose charge compensation (probably Lit
ions since these are present in quantity) is localized
within a few lattice constants of the magnetic ion.®
Such local disturbances produce appreciably different
and generally lower symmetry electric fields at the
sites of corresponding iron ions; their PMR spectra
thus differ from that of the effectively isolated Fe?t
ions.

Upon rotating the magnet slightly away from the
hexagonal axis, the lines break up into triplets indicating
there are three sites leading to each such transition. Due
to the hexagonal symmetry of the crystal one would in
general expect to find six equivalent spectra of each
kind corresponding to the six possible equivalent sites
for the compensating ion. In practice, only triplets are
seen near the symmetry axis as the cubic field splitting
which alone distinguishes between the two trigonal
metal-ion sites vanishes as H approaches ¢ (see Fig. 2).
We have not attempted to study these charge-com-
pensation spectra in detail since the angular variation
are myriad and interference from the isolated-ion
spectra is a serious difficulty. The fine structure lines
corresponding to the central transitions have not been
observed, presumably due to excessive line width (the
fine structure satellites of the isolated-ion spectrum are
several times broader than the central peak, as is usually
the case in magnetic resonance since these transitions
are more sensitive to low symmetry electric field com-
ponents arising from strains, etc.).

8 Such charge-compensation spectra have been studied in the

case of Cr¥* in MgO by J. E. Wertz and P. Auzins, Phys. Rev.
106, 484 (1957).
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I16. 3. Tracing of the PMR spectrum near the central line
(S.=% & %) of the isolated-ion spectrum. Nine charge-compensa-
tion peaks are indicated as are six lines due to a trace of Mn?*.
The unresolved hyperfine structure of Fe® in natural abundance
is also seen.

Close perusal of the central isolated-ion transition
discloses an unresolved “hump” on each side (see Fig. 3)
which one suspects to be hyperfine structure arising
from the 29, abundant isotope Fe% whose spin is
I=% and whose moment is rather small.® The suspicion
is confirmed upon diffusion-doping a relatively ‘“clean”
ZnO crystal from Fe,O; powder enriched to ~609,
abundance in Fe®. The central transition for the sample
is shown in Fig. 4 where the hyperfine structure is now
quite well resolved. The corresponding electron-nuclear
coupling term AI-S is easily evaluated since the
separation of the outer lines in field is just 4/g8 (see
Table I).

3. DISCUSSION
A. Crystalline Field Parameters

The absolute magnitudes of the spin-Hamiltonian
coefficients are of little present interest since no attmept
will be made here to relate them to the detailed struc-
ture of the host crystal. Relative magnitudes are of
some importance, however, particularly since we have
inferred the relative signs of D and a—F assuming | F|
to be small compared with | D|. The ansatz proved quite
consistent (see Table I) and was based on the observed
behavior of Fe* in other crystals'? where |D|:|F|
~50:1. It is perhaps remarkable that the fourth-order

F16. 4. The central transition of a sample doped with iron
enriched to 609, in Feb”. The hyperfine satellites are now resolved
from the central Fe% peak.

( QSG.) W. Ludwig and H. H. Woodbury, Phys. Rev. 117, 1286
1959).
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axial field coefficient F should prove so small in ZnO
where the second-order parameter D is rather large.
We have also assumed that the cubic crystalline field
coefficient @ is positive which is a plausible inference
from Geshwind’s work.? He found that the ¢ parameters
of Fe*t in both the octahedral and the tertahedral sites
of yttrium-gallium garnet were positive despite the
change in sign of the cubic moment of the lattice poten-
tial at the two sites. Estimating the relative strengths
of these potentials from a point-charge model Gesch-
wind found that a for Fe** varied as the cubic potential
® to the 2.2 power. Comparing our result for ZnO:Fe3*+
with that of Low! for MgO:Fe*t (octahedral) (in each
case the trivalent iron occupies a normally divalent site
so that polarization effects may be roughly comparable)
we find ¢o«®?3, The agreement with Geschwind is
excellent but both of these intercomparison experiments
disagree with the observed variations of ¢ for Fe*t
in MgO vs hydrostatic pressure!! and temperature'?
which yield @« ®*?5. Until a consistent experimental
situation is attained, there is little point in discussing
the relation of these results to recent theoretical treat-
ments of S-state ions (see reference 2). It is possible
that the attempt to correlate values of @ on the basis
of a point-charge approximation is seriously in error and
that only a molecular-orbital formalism can properly
account for the observations.!?

B. Hyperfine Coupling

The isotropic interaction getween the magnetic elec-
trons and the nucleus of an iron-group ion is generally
held to be the result of exchange-polarization of the
core s-electron wave functions by the unpaired d
electrons. 7' The resultant slightly different radial
variations of up- and down-spin s electrons in a given
orbital leads to an unbalanced spin density at the
nucleus. Summed over the 1s, 2s, and 3s shells the net
contact interaction is equivalent to a large magnetic
field at the nucleus:

H=A4S./p:~196S,(kgauss) (2)

for Fe” in ZnO at room temperature. This value is 119,
less than that found by Rosenvasser and Feher for
Feb” in MgO (octahedral oxygen coordination).”® Both
the magnitude of the equivalent field at the nucleus and

10 W. Low, Proc. Phys. Soc. (London) B69, 1169 (1956).
11'W, M. Walsh, Jr., Phys. Rev. 122, 762 (1961).
2W, M. Walsh, Jr., J. Jeener and N. Bloembergen (un-
published data).
( BR, G. Shulman and S. Sugano, Phys. Rev. Letters 7, 157
1961).
14 J, H. Wood and G. W. Pratt, Jr., Phys. Rev. 107, 995 (1957).
15V, Heine, Phys. Rev. 107, 1002 (1957).
16 R. E. Watson and A. J. Freeman, Phys. Rev. 120, 1125 (1960).
( 17D. A. Gooding and V. Heine, Phys. Rev. Letters 5, 370
1960).
( 18 R) E. Watson and A. J. Freeman, J. Appl. Phys. 32, 118§
1961).
( 1 E. S. Rosenvasser and G. Feher, Bull. Am. Phys. Soc. 6, 117
1961).
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its variation with host lattice correspond quite closely
with those observed in the case of Mn®%:170S, kgauss in
ZnO at room temperature, a 79, reduction with respect
to MgO. This correlation is merely another example of
the roughly constant polarizability of the core s-orbitals
of the 3d ions which has been noted before.’® Since, in
the present experiment, we are unable to determine the
sign of A for Fe®, the analogy with Mn5® must be used
to argue that it is very likely that 4 is negative, i.e,,
that the field at the nucleus is opposite to an applied
external field which produces a net {S,) on the Fe** ion.

Though the precise magnitude of the hyperfine
coupling constant is of little value for a direct compari-
son with theory due to inherent difficulties in the latter!s
these numbers do permit us to say something concerning
the sublattice magnetizations in yttrium-iron-garnet
(YIG). Robert? has measured the nuclear magnetic
resonance (NMR) frequencies, vnmr, of Fe57 in both
the octahedral (a) and tetrahedral (d) sites of YIG.
Assuming the contact interaction to be dominant (the
contribution of the dipolar fields of neighboring ions is
estimated to be on the order of a kilogauss) the resonance
condition is

vamr=A{(S:)/ k

where (S.,) is the average value of S, for the ion. There
is interest in determining the value of (S.) for each
sublattice at 0°K where spin-wave theory suggests
that there may exist appreciable deviations from the
ideal Néel state.?! In order to evaluate (S,) the appropri-
ate values of 4 must be obtained..While one would prefer
to measure A for traces of Fe® in the diamagnetic iso-
morph to YIG, yttrium-gallium garnet (YGaG),? ex-
cessive linewidth and spectral interference make this
direct determination extremely difficult. At present the
best estimates of the A values may be obtained by cor-
recting the measurements on (Fe”)*+ in MgO and ZnO
to the iron-oxygen distances appropriate to the ¢ and d
sites of YIG, respectively. This correction is quite
unimportant in the case of the MgO-a-site conversion
since the cation-anion distances differ by only 1.59,
(1.98 A in YIG g sites, 2.01 in MgO) and the volume
sensitivity of the Mn® hyperfine coupling is known to
be small in this lattice* (8 In4/d InV'=0.06). The net
effect is to decrease the magnitude of 4 by less than
0.39, which is well within the limits of error of the
PMR experiment. The correction in the case of the
tetrahedral d site is less trivial, however, since there is
a significant difference in interionic spacing (1.98 A
in ZnO vs 1.88 A in YIG d sites). The volume sensitivity
of the hyperfine coupling is not known for this lattice
but we estimate it to be roughly equal to that of Mn%

2 C, Robert, Compt. rend. 251, 2684 (1960); 252, 1442 (1961).
2T, R. Walker, J. Appl. Phys. 32, 2645 (1961).
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TaBLE II. Numerical parameters related to the degree of
sublattice alignment at 0°K in yttrium-iron garnet.

VYNMR? AP Veale®

YIG site (Mc/sec) (cm™) (Mc/sec)
octahedral (a) 76.5 10.1X10™ 75.7
tetrahedral (d) 65.0 8.7X10™¢ 65.2

a Experimental observations of reference 20.

b Estimated, as discussed in the text, from the data of reference 19 and
the present experiment.

¢ Computed assuming (S:)=5/2, i.e., complete alignment.

in ZnS (81n4/8 InV=0.35),"" since the temperature
variations of the 4 for Mn5® in ZnO and ZnS are nearly
identical.22 As a result we estimate the value of 4 for
Fe® in the d sites of YIG to be reduced by roughly 59,
to 8.57X10~* cm™. The appreciable temperature de-
pendence of the A for Mn®% in ZnO indicates that our
room temperature value of 4 for Fe®” should be increased
by about 1.49 in going to 0°K. The “final”’ d-site value
is thus 8.70X10~* cm—.

It should be noted that these corrections must be
made with some reservations since the presence of triva-
lent iron ions in divalent cation sites of the diamagnetic
host crystals presumably reduces the local interionic
spacing to an unknown extent so that the volume cor-
rection is of dubious accuracy and the effect of tighter
binding is unknown. The latter may not be too signifi-
cant in view of the parallel between (Mn%%)*+ and
(Fe®7)3+ mentioned above.

In Table II are given the 0°K NMR frequencies ob-
served by Robert and the frequencies calculated from
Eq. (2) using the values of 4 estimated as discussed
above and assuming perfect sublattice alignment, i.e.,
(S.)=%. The agreement is within the 29, experi-
mental errors of the PMR data to which one should add
the uncertainties in the conversions from one lattice to
another. It is reasonable to conclude on the basis of
this comparison that any reduction of the sublattice
magnetizations in YIG at 0°K due to zero-point spin
waves must be less than 29 and is very likely less than

1%.
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F16. 4. The central transition of a sample doped with iron
enriched to 609, in Fe®, The hyperfine satellites are now resolved
from the central Fe®® peak.



