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In the spectral region around 690 nm, a richly structured luminescence is observed in undoped high-
quality ZnO crystals. By means of emission, excitation, and magneto-optical spectroscopy, this lumines-
cence is unambiguously assigned to the *T',(G)-%A4,(S) transition of isolated Fe** ions on Zn>* lattice
sites. Basic arguments are the sixfold degeneracy of the ground state with an isotropic g factor of
2.020+0.015, a long lifetime of 25.2 ms, and the fine structure of the ® 4,(S) ground state. The observed
fine structure of the excited *T,(G) state indicates an intermediate Jahn-Teller coupling instead of the
strong coupling usually observed for isoelectronic centers in II-VI and III-V compound semiconductors.
The excitation mechanism is described by an energy transfer to Fe’* centers by free holes. The holes are
photogenerated at deep acceptors with ionization energies above 2.25+0.05 eV. The *T(G)-°4,(S)
transition energy is found to shift +39+3 ueV/nucleon by an isotope effect induced by Fe isotopes and
to shift 365 and 222 peV, respectively, by the presence of one '*0 ion among the '®O ions of the
Fe3*0?~, cluster, depending on its location. The isotope shifts are interpreted in the framework of
mass-dependent local modes, which contribute to the total energy of the transition-metal states. Here,
the Jahn-Teller interaction as well as the C;, distortion of the Fe3*0?~, cluster is taken into account.
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I. INTRODUCTION

In most semiconductors, 3d-transition-metal ions are
well-known as deep centers that strongly influence the
electrical' and optical® properties. In general, they intro-
duce efficient recombination channels for intrinsic excita-
tions due to their ability to occupy different charge
states.’> In III-V semiconductors they are often used to
compensate shallow impurity states in order to obtain
semi-insulating material. The open-shell configuration of
the transition-metal impurities is normally connected
with several localized deep levels in the forbidden gap*
and transitions between these levels are characteristic for
the impurity. Thus, the detailed knowledge of the deep
centers formed by 3d elements is a prerequisite for a com-
plete understanding of the electrical and optical proper-
ties of real semiconductors. Additionally, intentional
doping with transition metals can provide the possibility
of influencing the host in a technically favorable way.

The inevitable presence of transition metals even in
high-quality II-VI semiconductors is well known and
contributes to the difficulties in controlling their electri-
cal properties. A quite-common accidental contamina-
tion forming deep traps is Fe. Normally, it occupies cat-
ion lattice sites in its isoelectronic charge state Fe?™ giv-
ing rise to typical infrared absorption® and luminescence
bands.®*’ But the single-positive-charge state Fe’™ and
the associated charge-transfer processes have also been
studied by use of electron-spin-resonance (ESR) measure-
ments.®® Recently, in high-quality ZnS crystals a richly
structured luminescence band around 1.0 eV has been at-
tributed'® to the *T,(G)-*4,(S) transition of isolated
Fe’*. In ZnO, Fe-impurity centers have been detected
by means of ESR (Ref. 11) but no correlated optical tran-
sitions have been reported to date.

In this paper we report on a strong and richly struc-
tured luminescence band in the red spectral region of
high-quality ZnO crystals. Detailed highly resolved opti-
cal investigations in dependence on the excitation condi-
tions, the crystal temperature, and magnetic fields up to
15 T are presented. The results lead to a straightforward
identification of isolated Fe** as the luminescence center,
and of the *T;-®4,(S) transition as the luminescent one.
The fine structure of the excited *T,(G) state is discussed
in the framework of an intermediate Jahn-Teller interac-
tion. The observed transition energies and fine structure
are compared with those of well-known isoelectronic d°
configurations in II-VI semiconductors. A better under-
standing of the properties of d° configurations in very di-
lute systems is important regarding the technical use of
semimagnetic materials.

High-resolution spectra reveal in the zero-phonon re-
gion of the Fe’*(*T,(G)-°4,(S)) transition additional
lines that are attributed to isotope effects. Energy shifts
caused by the isotope mass of the central Fe ion as well as
by mass changes in the first oxygen shell are determined.
Whereas isotope shifts due to the mass of the central im-
purity have been observed previously for several different
transition-metal centers (see the references cited in Ref.
12), here the influence of the mass distribution within the
first anion shell is detected. The isotope shifts are dis-
cussed in the framework of mass-dependent local phonon
modes contributing to the total energy of the impurity
system. The close relation to the Jahn-Teller interaction
and the C5, distortion of the Fe>*O~2, cluster is pointed
out.

II. EXPERIMENT

The investigated samples are high-quality rods of ZnO
grown in the laboratories of Professor Heiland and Pro-
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fessor Mollwo. The crystals have dimensions in the mil-
limeter range and have not been doped intentionally.
The crystals are immersed in liquid He at temperatures
about 1.8 K or in a continuous He flow of variable tem-
perature. The photoluminescence is excited by the blue
lines of a 2-W Ar*-ion laser. Light from the crystal is
decomposed in a 0.75-m double monochromator with
0.008-nm resolution and recorded with a cooled GaAs
photomultiplier. The magneto-optical experiments are
performed with a 15-T superconducting magnet built in
split-coil geometry. For the excitation measurements, a
combination of a halogen lamp and a 0.75-m double
monochromator is used as a high-resolution tunable light
source. In this case the luminescence is detected through
a double-prism monochromator.

III. EXPERIMENTAL RESULTS
A. The luminescence
Figure 1 shows polarized emission spectra of a typical

high-quality ZnO rod excited at 2.71 eV. A richly struc-
tured luminescence band is resolved. To our knowledge
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this luminescence is unknown in literature up to now, but
its origin will be clarified in this paper. The shape of the
line structure is amazingly similar to that of the prom-
inent near-infrared luminescence'>!* around 0.8 ev,
which has been identified recently as the >T,(F)-> 4,(F)
transition of isolated V3.1 The energy positions E, the
corresponding energy differences AE, and the predom-
inant polarizations of the fine structure of the new
luminescence are summarized in Table I. In addition, the
energy differences AE observed in the phonon wing of the
V3*(3T,(F)-*4,(F)) emission are included as observed
for the same crystals. Obviously, the occurring energy
spacings are nearly the same in both cases; only the inten-
sity ratios are partly changed. But in both luminescence
bands the phonon replicas 7, 9, 12, 13, and 16—19 are the
most striking ones. This suggests an explanation of the
new luminescence as a d-d transition of a transition-metal
center. In analogy to the V¥ luminescence, we interpret
only the high-energy line 4 as a zero-phonon line (ZPL)
and the whole structured sideband in terms of phonon re-
plicas. This will be justified by the magneto-optical re-
sults presented in the following. A comparison with the
phonon spectrum of the undisturbed ZnO host crystal

TABLE I. The phonon sideband of the Fe3" (*T(G)- 4,(S)) luminescence: the energy positions E,
the energy differences AE to the ZPL 4, and the favored polarizations are given. The further column
gives the phonon spacings of the V3*(3T,(F)-> 4,(F)) luminescence as observed for the same crystal.
Typical values of ZnO host phonons (Ref. 16) at distinct points of the Brillouin zone are given in the

fifth column.

E AE (Fe’™) AE (V3 ho® (ZnO)
Line (eV) (meV) Polarization (meV) (meV)
A 1.78742 I
1 1.774 68 12.74 — 12.6 12.5 TO(I)
2 1.76516 22.26 I 22.0 22.3 LA(A), LO(A)
3 1.75798 29.44 1 28.3
4 1.757 51 29.91 Il 30.2 30.1 TO), LO(I)
5 1.755 14 32.28 31.9
6 1.75371 33.71 33.6
7 1.74127 46.15 1 47.2 46.9 TO(I)
8 1.73937 48.05 L 48.7
9 1.73792 49.50 Il 494 50.8 TO(I)
10 1.730 66 56.76 1 58.1 54.6 TO(I')
11 1.726 07 61.35 60.0 60.6 LO(I)
12 1.724 17 63.25 1 62.7
13 1.72378 63.64 I 63.3
14 1.722 67 64.75 64.9
15 1.71957 67.85 1 67.7 67.0 LO(A4)
16 1.712 87 74.55 1 74.5 71.4 LO(I)
17 1.71192 75.50 75.7 72.8 LO(IN)
18 1.71100 76.42 76.2
19 1.70990 77.52 Il 78.3
20 1.695 30 92.12 1 (7)+(7)
21 1.69200 95.42
22 1.688 58 98.84 1 (9)+(9)
23 1.678 03 109.39 (7)+(12)
24 1.674 69 112.73 (9)+(12)
25 1.662 90 124.52
26 1.660 84 126.58 I (12)+(12)

2Reference 16.
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FIG. 1. Polarized luminescence spectra of a typical high-
quality ZnO rod excited at 2.71 eV.

(given in the last column of Table I; the phonon energies
are taken from Ref. 16) shows that the intense sharp re-
plicas nearly correspond in their energy to optical pho-
nons at the center of the Brillouin zone. The low-energy
phonon bands represent the coupling to acoustical pho-
nons. Additionally, combinations of the dominating pho-
non replica with energies of 46.1 (7), 49.5 (9), 63.25 (12),
and 63.64 meV (13) occur as weak two-phonon replicas.
The four phonon replicas 16—19 in the region of the
upper boundary of the single-phonon density are remark-
able. They are almost equally spread, separated by only
1.0 meV.

High-resolution spectra of the ZPL A reveal a rather
complex fine structure (Fig. 2). For E||c a strong emis-
sion line at 1.787 431 eV with a full width at half max-
imum (FWHM) of 48 ueV dominates the spectrum. The
weak line at 1.787 353 eV will later be attributed to an
isotope splitting due to the natural abundance of Fe iso-
topes. For E Lc the intensity of the strong ZPL decreases,
and a second one at 1.787390 eV becomes visible. A

intensity ( arb. units )

1.7874

energy (eV)

FIG. 2. Polarized spectra of the zero-phonon region of the
luminescence shown in Fig. 1.
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decomposition of the line doublet shows that this emis-
sion has a FWHM around 50 peV, too. Again, a further
weak resonance occurs on its low-energy side.

B. The ground state

In order to understand the origin of the new lumines-
cence and to attribute the observed zero-field splitting of
41+£5 peV either to the ground or to the excited state of
the luminescence, we performed magneto-optical mea-
surements for various orientations of the crystals in mag-
netic fields up to 15 T. Figure 3 shows the ZPL structure
A from Fig. 2 at B=5 T for the orientations B|c and
Blc. In both orientations six equidistant line groups are
observed, each consisting of just one component for B|c
and of two for Blc. The energy splittings between the
line groups correspond to a g factor of about 2. The in-
tensity ratios of the six line groups are temperature in-
dependent and therefore represent the splitting of the
ground state. Only the higher-energy component of the
doublets observed for Blc becomes stronger with increas-
ing temperature. It represents a splitting of the excited
state. The clearly resolved sixfold splitting of the ground
state with a g factor around 2 is somewhat typical for the
S ground state of an electronic d° configuration. Obvi-
ously, an unintentionally incorporated transition metal
with a d° configuration must be the active luminescence
center under investigation.

Figure 4 shows the Zeeman behavior of the ZPL region
for magnetic fields up to 5 T in the orientation B||c at low
temperatures. The solid lines correspond to the Zeeman
components seen in Fig. 3; those connected by dashed
lines are weak and will be discussed in the framework of
isotope effects in Sec. IVC. All six lines shift linearly
with the magnetic field. Extrapolating all components
back to zero magnetic field, they meet in three different
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FIG. 3. Polarized luminescence spectra of the zero-phonon
line region shown in Fig. 2 in a magnetic field of 5 T for the
crystal orientations B|c and Blc. To resolve the low-energy
components in the orientation B|c the slit width has been
opened from 20 to 50 pm.
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FIG. 4. Zeeman pattern of the zero-phonon region of the
luminescence shown in Fig. 1, for the magnetic-field orientation
Bj|c. Solid lines correspond to the dominating lines as shown in
Fig. 3 attributed to *°Fe in an O'® surrounding. Dashed lines
correspond to lines shifted by isotope effects, either of the iron
3Fe or of the oxygen (0,,0,) in the Fe’" 0%, cluster.

points separated by some 10 peV, indicating a zero-field
splitting of the S ground state. At zero magnetic field
the S state is split by the spin-orbit and spin-spin interac-
tion and the C,, crystal field into three levels. S, remains
a good quantum number, and each state is twofold Kra-
mers degenerated. A careful analysis of the Zeeman be-
havior of Fig. 4 shows that the averaged energies of the
+2, =3, and *1 pairs are shifted and originate at
1.787432, 1.787399, and 1.787 389 eV, respectively.
The estimated ZPL energies E and the corresponding
splittings AE of the ®4,(S) ground state are summarized
in the first part of Table II. The ZPL’s shown in Fig. 2
correspond to transitions terminating at the =+3
(E||c,Elc) and the =1 (Elc) levels; the transition to the
+3 level is not resolved. The large Zeeman splittings and
the narrow linewidth allow us to determine the g factor
with high accuracy to
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FIG. 5. Zeeman pattern of the zero-phonon region of the
luminescence shown in Fig. 1, for the magnetic-field orientation
Blc. Solid lines correspond to the dominating lines as shown in
Fig. 3 attributed to **Fe in a O'® surrounding. Dashed lines cor-
respond to lines shifted by an isotope effect of the iron (**Fe).

g,,1(°4,(5))=2.020+0.015 .

In the orientation Blc (Fig. 5) the Zeeman behavior is
nonlinear. Nevertheless, the sixfold splitting of the
6 4,(S) ground state is still linear with the same g factor
as in the orientation B|lc. The twofold splittings of each
line pair is linear, too.

C. The excited state

The first excited crystal-field state of a d° configuration
in T, symmetry is the *T,(G) state.!” For Mn?*-impurity
centers in different semiconductors this state is well
known to be the luminescent one,'® and the same holds
for Fe’" and ZnS.!° The *T,(G)-*4,(S) transition is for-
bidden by symmetry and spin selection rules. Thus, one
of its characteristic features is a low oscillator strength.
Lifetimes up to some ms are observed.'”!® In agreement,
we found a lifetime of 25.2 ms for the new luminescence

TABLE II. The zero-phonon lines of the Fe** (*T,(G)-® 4,(S)) luminescence: their energy positions
E, the fine structure AE of the ground and the excited states, the favored polarizations, and the assign-

ments of the transitions are given.

E AE FWHM
Line (eV) (meV) (ueVv) Polarization Identification
A 1.787432 I [(Te)—>Ty(£3)
1.787 399 —0.033 [y(Tg)—Tsq(£3)
1.787 389 —0.043 L F(Tg)—Ty(£4)
B 1.788 63 1.20 1 L5 6(Cg)—°4,(S)
Cc 1.788 77 1.34 [y(T)—%4,(S)
D 1.790 05 2.62 I [(;)—%4,(S)
E 1.79187 4.44 1100 I Tys.6(Tg)—%4,(S)
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using a chopped Ar™-laser excitation and a boxcar in-
tegrator. The low oscillator strength corresponding to
this long lifetime makes it nearly impossible to detect the
inverse absorption. Thus, most of the accessible informa-
tion on the fine structure of the *T,(G) state is revealed
by temperature-dependent measurements (Fig. 6). With
increasing temperature, new lines labeled B, C, D, and E
emerge on the high-energy side of the ZPL A4 and are
marked by arrows. At 30 K the lines B, C, and D become
about as equally intense as the low-temperature line 4;
only line E remains very weak. Additionally, at 30 K all
lines are shifted 100 peV to lower energies. In the second
part of Table II the extrapolated low-temperature line po-
sitions E are summarized; the splittings AE represent the
fine structure of the excited *T|(G) state.

The development of the FWHM’s of the ZPL’s with
temperature is shown in Fig. 7. At 2 K the FWHM of at
least the ZPL A is given by the experimental resolution;
the highly resolved spectra of the same crystal (Fig. 2) re-
veal a FWHM of only 48 p eV. On the other hand, the
FWHM’s of the transitions starting at higher excited lev-
els are broader even at low temperatures (Table II). Ad-
ditional decay channels due to relaxation within the
*T,(G) state considerably shorten the lifetimes of these
states. Above 10 K the FWHM’s of the ZPL’s increase
drastically. The solid line in Fig. 7 is a fit assuming direct
phonon processes?® between electron fine-structure levels
of the *T,(G) state. The dominating contribution is
given by the interaction with the highest level separated
by 4.4 meV, which appears only as a weak and broad line
in the luminescence spectra (Fig. 6). For this line a low-
temperature FWHM of 1.1 meV is estimated and is attri-
buted to a fast-relaxation process due to the interaction
with resonant acoustical phonons. Nevertheless, the
temperature-dependent measurements show that at 2 K
the ZPL A is inhomogeneously broadened. This indi-
cates the absence of pure phase relaxation processes that
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FIG. 6. Polarized luminescence spectra of a ZnO rod excited
at 2.71 eV. The zero-phonon region of the luminescence de-
scribed in Fig. 1 is shown for different crystal temperatures.
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FIG. 7. Temperature dependence of the FWHM’s of the
ZPL’s A, B, and D. The solid line gives a fit assuming the in-
teraction of resonant low-frequency phonons with the electronic
fine structure of the *T(G) state.

are fast enough to account for the linewidth.

The complete magnetic-field dependence of the excited
*T,(G) state is not accessible at present. Zeeman mea-
surements at higher temperatures reveal complicated su-
perpositions of six lines for each component of the excit-
ed state, which are hard to interpret with certainty. Fig-
ure 8 shows the shifts E, (B)-E,, (0) of the centers of
gravity of associated sixfold splittings as observed at
T =2 K (Figs. 4 and 5). For the orientation B||c just one
excited state is observed, shifting linearly to lower ener-
gies, with —159 peV/T. Under the assumption of a
S, = —3 level this corresponds to a g factor of

g =1.83.

In the orientation Blc a splitting of the lowest excited
state into two components is observed. This splitting is
linear over the whole investigated magnetic field range up
to 15 T, with

0.0 e,
t:, .\:Q:\
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) \. \
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FIG. 8. Magnetic-field dependence of the lowest excited state
in the orientations B|jc and Blc. The center of gravity of the
©A4,(S) state is assumed to be independent of the magnetic field.
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g¢=0.2740.02 .

The mean energy of this splitting does not shift below 1.5
T but starts to shift to lower energies above. Above 10 T
the slope of this shift reaches the one observed for Bjc.
Obviously, the Zeeman behavior of the excited state is
dominated by the spin-dependent parts of the Hamilton
operator. The small splitting is probably caused by the
orbital part.

D. The excitation

Figure 9 shows the excitation spectrum of the lumines-
cence on a logarithmic scale. The spectra are recorded
using low excitation densities provided by a halogen lamp
in combination with a double-grating monochromator as
tunable light source. No resonant excitation in the red
spectral region is observed. On the low-energy side the
excitation has its onset at 2.25+0.05 eV and increases
more than three orders of magnitude in efficiency to-
wards the band gap. Broad excitation maxima are found
at 3.08 eV (Elc) and 3.11 eV (E|c). At higher energies
the excitation efficiency decreases again. Absorption
measurements of the same crystals show that this de-
crease coincides with an increasing absorption of the
crystal. The luminescence intensity is thereby limited by
the decrease of the excited volume of the crystal, which is
connected with a decrease of accessible luminescence
centers. The minima of the excitation efficiency at 3.382
eV (Elc) and 3.422 eV (E||c) correspond in energy and po-
larization to the free 4, B, and C excitons,?! respectively,
as indicated in Fig. 9. On their high-energy sides addi-
tional minima appear due to the formation of excited ex-
citonic states.

Exciting with the blue and green lines of a cw Ar " -ion
laser with excitation densities up to a few Wcm ™2, a sat-
uration of the luminescence intensity is observed. Figure
10 shows the development of the luminescence intensity

10%4

104

10°4

104

intensity ( arb. units )

10-*

ZnoO

26 28 30 32 34 36

T=1.8K

22 2.4
energy (eV)

FIG. 9. Polarized excitation spectra of the luminescence
shown in Fig. 1. Low excitation densities as provided by a halo-
gen lamp in combination with a double-grating monochromator
have been used. The luminescence is detected through a
double-prism monochromator set to 1.724 eV. The energy posi-
tions of the free A4, B, and C excitons and the band gap are
marked.
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FIG. 10. Saturation of the luminescence intensity with the
excitation density of the 2.71-eV line of a cw Ar ™ -ion laser.

recorded with the 2.71-eV line. The saturated lumines-
cence intensity increases with increasing excitation ener-
gy. At higher energies new excitation channels open up.
Therefore, the broad visible excitation band must be com-
posed out of different overlapping contributions and can-
not be connected with the luminescence center alone.
The saturation is not caused by the finite number of
luminescence centers, but rather by a saturation of the
excitation channels. The excitation channels saturate due
to the long (25.2 ms) storage of the excitation energy in
the *T,(G) state. The luminescence center has to be ex-
cited by energy-transfer processes starting at other im-
purities. Such an excitation process is well established
for the Fe’" center in ZnS,!° which is excited by the
recombination of photogenerated free holes with Fe?*
centers. The Cu’" —Cu*t +hyp charge-transfer process
has been identified as the dominating source for the holes.
Here, for this luminescence, the type of the energy
transfer as well as the sources are still unclear.

Excitation measurements with high-intensity pulses of
15-ns duration of an excimer laser-pumped dye laser with
a repetition rate of 60 Hz do not reveal resonant excita-
tion resonances either, but show excitation below the
low-energy threshold at 2.25 eV observed in the cw ex-
periments. Figure 11 shows the luminescence intensity
with the pulsed excitation densities in a double logarith-
mic plot. Exciting at 2.30 eV above the low-energy
threshold, a linear dependence is observed with beginning
saturation around 10 MW cm 2, demonstrating the one-
photon character of the excitation process at this energy.
The saturation threshold of 10 MW cm 2 is substantially
higher than in cw experiments, but the averaged cw exci-
tation densities are in both cases in the order of 1
W cm 2. The 25.2-ms lifetime of the excited state leads
to an accumulation of excited luminescence centers in cw
experiments, which here recovers between two pulses.
Exciting below the threshold at 2.18 or 2.10 eV, a super-
linear behavior is observed, where the luminescence in-
tensity is lower than after excitation above the threshold.
Exciting at 2.10 eV, a nearly quadratic dependence
occurs, indicating two-photon band-band absorption.
Thus, it is shown that the luminescence center can be ex-
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FIG. 11. Double logarithmic plot of the intensity of the

luminescence shown in Fig. 1 with the excitation density for
different excitation energies, using 15-ns pulse of an excimer
laser-pumped dye laser.

cited by the recombination of photogenerated free car-
riers.

IV. DISCUSSION

A. The chemical nature of the luminescence center

The observed sixfold Zeeman splitting with a g factor
of 2.020+0.015 leads to an unambigious identification of
the ground state as the 4 ,(S) state of an electronic d°
configuration. Taking into account that the first excited
state of the d° configuration is the *T,(G) level, the
luminescence is attributed to the *T(G)-*4,(S) transi-
tion. Further, the luminescence center has to be a point
defect excluding associates or structural defects; other-
wise, no distinct polarization with respect to the ¢ axis of
the hexagonal ZnO crystal would be expected. Among
the transition metals are three possible candidates
(Cr* ,Mn?* Fe3") for the luminescence center with a d’
configuration. The g factors of all three candidates are
expected to be around 2, but only the Mn?" and Fe’*
centers are known from ESR in Zn0O.??>!! Though the g
factors are equal within the experimental error of the
magnetoluminescence measurements, the observed g fac-
tor of 2.020 gives a hint favoring Fe’*, which has the
largest one. The ®4,(S) ground state is split threefold in
zero magnetic field by the combined action of second-
order spin-orbit and spin-spin interaction and the Cj,
crystal field. From ESR results the corresponding fine-
structure splittings can be calculated. This splittings are
also resolved in the present magneto-optical investiga-
tion, giving a clear identification of the luminescence
center.

The fine structure and Zeeman behavior of the 64 ,(S)
state are described by the following spin Hamiltonian:**

H=guzH-S+(a/6)[S{+S%+St—707/16]
+D(S?—35/12)
+(7F/36)[S}—(95/14)S2+81/16] .
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The axial symmetric component of the C;, crystal field,
which is given by the terms proportional to D and F, lies
within the z axis, the ¢ axis of the hexagonal ZnO crystal.
This axis corresponds to a [111] axis in the cubic system
given by &, 1, and &, in which the cubic part of the crystal
field is defined proportional to a. Figure 12 shows the
fine structure of the ®A4,(S) state of isolated Fe’" in a
magnetic field for the orientation B||c, calculated with the
following parameters determined in ESR experiments for
Zn0:**

D=—7.38 uev ,
a —F=0.46 ueVv ,
la|=0.51 peVv ,
g =2.0062 .

The absolute sign of the used parameters is difficult to ob-
tain by ESR but is chosen to fit our magneto-optical re-
sults. For Fe*t (Mn?™"), the zero-field splittings between
the £ ground state and the £3 and 7 states amount to
32.515 peV (11.798 peV) and 44.120 peV (17.546 peV),
respectively. The corresponding parameters of Cr* are
unknown as of yet due to the still-missing ESR signal.
The —1 and the +3 as well as the + 1 and the — 3 com-
ponents experience a term interaction due to the cubic
term proportional to a of the Hamilton operator. This
leads to a nonlinear Zeeman behavior. But this interac-
tion, which prohibits the crossing of the participating
states, is weak and can be neglected in the analysis of our
magneto-optical results. Thus, in a magnetic field the
zero-field splitting occurs as a shift of the averaged ener-
gies of the =, £3, and £ components, respectively.
Analyzing the Zeeman data given in Fig. 4, the mean en-
ergy of the =3 components is found at highest energies,
and those of the +3 and *{ components are shifted

33+4 and 4314 ueV to lower energies, respectively. The
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FIG. 12. Calculated fine structure of the ¢ 4,(S) state of iso-

lated Fe*™ in ZnO in a magnetic field with B||c. The parameters
used are taken from ESR results (Ref. 24).
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extrapolated zero-field energies are summarized in Table
II. The zero-field splitting of the luminescence ground
state is in excellent agreement with that calculated from
ESR data of Fe’* (Fig. 12), proving the nature of the
luminescence center. Additionally, the absolute signs of
the parameters used are determined. The trigonal split-
ting parameter D is negative.

The two ZPL’s observed at zero magnetic field (Fig. 2)
correspond in their energies to transitions from the
lowest excited state to the =4 and =3 components of the
©4,(S) ground state, respectively. Their energy separa-
tion of 415 ueV agrees well with the splitting between
the £1 and *2 components determined in the magneto-
optical measurements. The example of ZnO:Fe3" as well
as of ZnO:V** (Ref. 15) and ZnO:Ni®" (Ref. 25) show
impressively that the connection of ESR and high-
resolution magneto-optical results can lead to clear
identifications of luminescence transitions.

Luminescence of additional Fe’* centers in I1I-VI semi-
conductors is only reported for ZnS,!° where a richly
structured luminescence band is found in the near-
infrared spectral region around 1.0 eV. Comparing the
*T1(G)-°4,(S) transition energies of the Fe’' centers
with the energy difference “G-%S of the free ion of 4.07
eV, a strong covalent reduction of the Racah parame-
ters B and C can be stated. Comparable effects have been
observed for Fel' centers in other materials. The
*T,(G)-*A4,(S) transition energies of FeCl,” and of the
Fe-S center in rebredoxin are reduced to 44% (Refs. 26
and 27) and 65%,?" respectively. As expected, the co-
valent reduction is stronger in ZnS (25%) than in ZnO
(44%), since the first one is the more-covalent host. The
influence of the different local bonding properties in both
semiconductors is revealed in the observed luminescence
lifetimes, too. The electric dipole transitions become al-
lowed mainly by the admixture of odd-parity states of the
ligands to the d-like impurity states by the covalent bond-
ing or the spin-orbit interaction with the ligands.?® In
good agreement, the oscillator strength of the *T(G)-
®4,(S) transition in ZnS (7.9X 107 %) is about 20 times
larger than in the more ionic ZnO (3.8 X107 7).

ESR spectra of the investigated ZnO crystals show the
presence of Fe3* centers above 77 K, but not at lower
temperatures. Therefore, the lack of the absorption and
resonant excitation of the *7T,(G)-° 4,(S) transition is not
only caused by its extremely low oscillator strength but
also by the lack of Fe’" centers in the unexcited crystal.
At low temperatures the unexcited charge state is prob-
ably the isoelectronic Fe’", and after excitation Fe’ ™
arises in its excited *T|(G) state. It is unlikely that the
direct charge-transfer process

Fe’t +#iwy,.—Fe’ " (*T|(G))+ecp
—Fe3T(°4,(S))+ecp +Hiw

red

can explain the low-energy threshold in the excitation
spectra (Fig. 9). The excitation energy needed would be
the *T,(G)-*4,(S) transition energy of 1.79 eV plus the
photoionization energy of the Fe?* center, which should
exceed by far the low-energy threshold at 2.25 eV. More-
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over, the intensity-dependent measurements show that
the saturation is not due to the limited number of Fe
centers. Obviously, the luminescence is excited by
energy-transfer processes from as yet unidentified defects
(deep acceptors labeled 4°) to Fe?™ centers by photogen-
erated holes:

Fe’* + A%+ #iwy,—Fe*t+ 4 +hyy
—SFT(T(GN+ A4~
—Fe*T(*4,(S)+ A4 +w,, -

This is basically the same mechanism as that described in
Ref. 29 for the system ZnS:Fe3", but this time the hole
sources are not yet identified. The low-energy onset at
2.25 eV gives a lower limit for the ionization energies of
these deep acceptors. Subsequently, the Fe3" centers
serve as hole sources themselves.

B. The fine structure of the *T | (G) state

Information about the fine structure and the phonon
coupling in the excited *T|(G) state is obtained from
temperature-dependent measurements (Fig. 6). The ob-
served fine structure consisting of at least five states is
somewhat strange for the *T,(G) state of an electronic d°
configuration. In general, a strong Jahn-Teller interac-
tion with E modes leads to a reduction of the electronic
fine structure to a twofold splitting by second-order in-
teractions.’® In the case of a weak or intermediate cou-
pling, a fourfold structure is expected due to the spin-
orbit interaction, which is in good agreement with the ob-
served four main line groups. Only for the first excited
state is an additional splitting into the lines B and C by
the C,, crystal field resolved. The resulting term scheme
is given in Fig. 13. The spin-orbit interaction, the spin-
spin interaction, an intermediate Jahn-Teller interaction,
and the C,, crystal field have to be considered to explain
the fine structure. The energy splittings AE as well as the
energies E of the high-temperature emission lines are
summarized in Table II. The Zeeman measurements
show that the lowest excited state is a doublet. Thus, it is
attributed to the I'y(I'g) state. The two excited states
shifted by 1.22 and 1.36 meV to higher energies are attri-
buted to the I's ¢ and I'y components of the first excited
[ state, respectively (see Fig. 13). The lower one is asso-
ciated with the I's ¢ state, since the polarization of the
emission starting at this level is opposite to that starting
at the lowest ['y(T"y) state. The next state shifted by 2.62
meV is attributed to the I',(I";) state. The polarization of
line D starting at this level is comparable to that of the
low-temperature line A. The state shifted by 4.40 meV is
attributed to the unresolved I',5¢ components of the
second I'g state. The C,, splitting is not resolved because
of the large FWHM of 1.1 meV of the corresponding
emission line. Detailed magneto-optical investigations of
the fine structure of the *T,(G) state by means of excita-
tion spectroscopy would provide interesting information
about this system, which exhibits just a relatively weak
Jahn-Teller interaction.
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FIG. 13. Simplified term scheme of Fe’*. HP contains the
interelectronic Coulomb interaction and the T, crystal field, H'
contains the spin-orbit interaction, the spin-spin interaction, the
C,, crystal field, and an intermediate Jahn-Teller interaction
with E modes. The observed ZPL’s are represented by arrows.
The spacings are not given on a unique energy scale.

C. Isotope effects

Looking back to the high-resolution picture Fig. 2 or
the Zeeman data in Fig. 4, it is obvious that the situation
is more complicated than outlined above. Additional
lines are visible in addition to those discussed. Figure 2
reveals for each strong line a weaker partner on its low-
energy side with less than a tenth of its intensity. The
Zeeman data represented in Figs. 4 and 5 show these
weak lines (marked at zero magnetic field with *Fe) shift-
ing just like the dominating components previously dis-
cussed. Due to the threefold zero-field splitting of the
©4,(S) state, the zero-field spectra are very complex.
Nevertheless, the electronic degeneracies of the ground
and excited states are completely lifted in a magnetic
field. The line shape of the strongest component of ZPL
A at B =4 T in the orientation Bj|c is decomposed into
four lines assuming linear isotope shifts and the natural
abundance of Fe isotopes (Fig. 14). The dominating line
is attributed to the °Fe isotope with an abundance of
91.7%, while the low-energy line belongs to the isotope
%Fe with an abundance of 5.8%. The contributions of
the >’Fe (2.2%) and the ®Fe (0.3%) isotopes are too weak
to be resolved in the spectra. The isotope shift amounts
to 39+3 peV/nucleon and is positive; i.e., the transition
energy increases with increasing isotope mass. The iso-
tope shift is found to be independent of the magnetic field
within the margins of experimental error.

To explain isotope shifts of transition-metal centers in
semiconductors in the order of some 10 ueV/nucleon, the
mass dependence is attributed to the phonon system.!?
Each phonon mode contributes with at least its zero-
point energy to the total energy E, of the impurity system
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FIG. 14. The highest-energy component of the ZPL A4 in a
magnetic field of 5 T and the orientation Bjjc. The line shape is
fitted by equal line shapes for each Fe isotope regarding a linear
isotope shift of 39 ueV/nucleon and their natural abundance.

in a given electronic state. Therefore, in principle, each
mass-dependent phonon mode contributes to the mass
dependence dE, /dm. Isotope shifts observed for optical
transitions can be understood on the basis of different
mass dependencies of the total energies of the impurity
system in the ground and excited electronic states:

(dE /dm)yyansision=\dE, /dm), —(dE, /dm), . (1)

(e) represents the excited state and (g) the ground state of
the impurity system, which are connected by the optical
transition under consideration.

To understand the isotope shifts, the problem can be
split in two parts: first, the mass dependencies d#iw; /dm
of the phonon modes #w;, and second, the dependencies
dE, /dfiw; of the total energy of the impurity system in a
given electronic state on the phonon modes 4 ®; must be
evaluated. This is expressed by the following formula:!?

dE,/dm = Y (dE,/d#iw;)(d#iw; /dm) . (2)

The summation includes the whole phonon system, but
only the mass-dependent phonon modes (d#w; /dm70)
give nonvanishing contributions. A measure for the
derivation d#iw/dm is the contribution of the motion of
the impurity ion to the energy of the phonon mode.
Thus, only local modes with their strong localization
around the impurity ion are expected to depend on the
impurity mass. In particular, considering the next neigh-
bors in a tetrahedral cluster, only modes with T, symme-
try move the central ion.>! However, in each concrete
case the local phonon system needs a careful analysis.
The mass dependence of the local modes can be calculat-
ed'? within the Keating valence force model*? using local
mode energies determined, e.g., by Raman spectrosco-
py->> However, it is expected that their mass dependence
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dfio /dm is negative, i.e., the phonon energy decreases
with increasing isotope mass.

The dependence dE, /d#io of the total energy of an im-
purity center on the phonon energy is, in general, larger
than zero. If the phonon mode of interest is not subject
to an electron-phonon coupling, then it contributes
(N +G/2)io to the total energy E, and dE,/dfiw be-
comes (N + G /2), where G is the degeneracy of the pho-
non mode (G =3 for a T, mode). This is altered if the
phonon mode couples to the electronic state via a Jahn-
Teller effect, forming vibronic states. In this case
dE, /dfiw becomes smaller than G /2, at least for the vib-
ronic ground state.

To observe an isotope effect in an optical transition,
dE,/dm has to be different in the excited and ground
states. Since in both states, in general, the phonon sys-
tem is basically the same, either the phonon frequencies
are shifted due to different force constants (frequency
effect) or a mass-dependent phonon mode is subject to a
noticeable Jahn-Teller interaction in at least one of the
states. The first effect is expected to be small if two 3d
states are considered, but becomes important if charge-
transfer processes are involved. In the second case
dE,/d#w can be different in both states, and from Egs.
(1) and (2) it follows that

(dE /dm) ansiion= 3, [(dE, /d%iw,),
—(dE, /dfiw;), dfiw, /dm . ()

The summation includes all mass-dependent phonon
modes.

In the case of ZnO:Fe’", the excited 4T1(G) state is
Jahn-Teller active, which results in a smaller mass depen-
dence than that of the °4,(S) ground state. A positive
isotope shift dE /dm is expected for the *T,(G)-54,(S)
transition, in good agreement with the experiment. Thus,
the isotope shift demonstrates that in the excited *T,(G)
state at least one mass-sensitive local mode experiences a
noticeable Jahn-Teller interaction. At first sight this
would imply the action of T, modes. However, in fine-
structure calculations of the 4T1(G) state, normally E
modes are considered.’® But the C,, crystal field can
cause a mixing of the E modes with the mass-sensitive T,
modes.

In the framework of the above discussion, it becomes
clear that the isotope effect can depend on the C;,, crystal
field, as is stated in literature.3* This should be the case if
the Jahn-Teller active phonon is of the E type. If the T,
modes are Jahn-Teller active, as in the case of the
N2t (3T, (F)-3T,(P)) transition,* no effect is expected.
Indeed, a very recent investigation® of the ZnS:Ni** sys-
tem revealed almost equal isotope shifts for the cubic as
well as the trigonal distorted centers. Similar considera-
tions also hold for other systems, like ZnO:Ni**. For the
Ni**(*T,(F)-* 4,(F)) transition a positive isotope shift
of 13.5 ueV/nucleon is found,?’ and again only the excit-
ed *T,(F) state is subject to a Jahn-Teller interaction.

Figure 15 shows the zero-phonon region of the
*T1(G)-%4,(S) luminescence at 2 and 4.2 K. On the
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FIG. 15. Polarized luminescence spectra of the ZPL region
at 1.8 and 4.2 K excited with the 2.71-eV line of an Ar*-ion
laser. The weak lines marked by O, and O, are shifted with
respect to the dominating ZPL A4 by the presence of one O'® jon
in the Fe** 0%, cluster.

high-energy side of the ZPL A, two additional emission
lines appear shifted by 222 (O,) and 365 peV (O,) to
higher energies. They show the same polarization behav-
ior and just 0.6340.05% and 0.18+0.05% of the intensi-
ty of the ZPL A. The intensity ratios do not depend on
the investigated crystal or on the crystal temperature.
The Zeeman behavior is the same, too, at least as far as it
is observed (Fig. 4). The whole behavior indicates further
Fe3" centers from these emission lines, which are just
shifted slightly in energy. A similar behavior has been
observed for ZnS:Fe’" and attributed to the polytypic
crystal structure of ZnS.!° For ZnO the hexagonal phase
is very stable and no polytypes have been reported up to
now. Additionally, different crystals exhibit the same in-
tensity ratios, which excludes structural imperfections of
the crystals or possible associates. On the other hand,
the line pattern looks like an isotope splitting, but, as
stated above, the isotope shift induced by the Fe ion is
much smaller.

Not only the motion of the impurity ion, but also that
of the ions in its nearest neighborhood contribute to the
energy of a local phonon. Thus, a local phonon can be
sensitive to the mass of the ligands of the impurity ion,
too, possible causing a further isotope shift of a d-d tran-
sition of the impurity. Oxygen has three stable isotopes:
0'% (99.762%), 70 (0.038%), and '*0O (0.200%). Simple
statistical considerations show that the probability of
finding only '°O ions in the Fe’* 0,2~ cluster is about
99.051%, and of finding one 30 ion is 0.795%. In the
hexagonal ZnO crystal the Fe>*0,>~ cluster is distorted,
and only the three off-axis O places remain equivalent.
The probability of finding the 80 ion in the direction of
the ¢ axis is 0.199%, and the probability of finding it on
an off-axis place is 0.596%. In the last case, Fe 70,2~
clusters with one 7O ion in the direction of the ¢ axis are
expected to contribute about 0.038%, too, which is not



45 Fe** CENTER IN ZnO

resolved in the spectra. These statistical weights are in
excellent agreement with the intensity ratios shown in
Fig. 15. Additionally, the line shape used to fit the Fe-
isotope splitting in Fig. 14 is only almost of Gaussian
shape, but is slightly distorted on its high-energy side. In
the present framework this distortion can be attributed to
the isotope shift induced by '80 in the second oxygen
shell. The observed mass dependence is again positive, in
agreement with the Fe-induced isotope shift.

The isotope effect induced by oxygen is larger than the
one induced by Fe. There are many possible reasons to
account for this effect. The relative mass difference is
larger for oxygen (~6%/nucleon) than for Fe
(~1.8%/nucleon). T, modes are especially sensitive to
the Fe mass, but all modes can be sensitive to the oxygen
mass. This can be of particular interest if only £ modes
experience a noticeable Jahn-Teller interaction, as in the
investigated system. Moreover, simply the contribution
of an oxygen ion to the mass dependence of a distinct lo-
cal phonon can be larger than that of the Fe ion.

V. CONCLUSION

In the present paper the luminescence properties of
high-quality ZnO crystals are investigated. A richly
structured luminescence appearing around 690 nm under
blue excitation is found. On the basis of detailed
magneto-optical results, this luminescence is interpreted
as the *T,(G)-°4,(S) transition of isolated Fe*" ions on
Zn?" lattice sites. Basic arguments are the sixfold split-
ting in a magnetic field with a g factor of 2.020%0.015
and the threefold zero-field splitting of the ground state.
This example demonstrates how powerful a combination
of magneto-optical measurements and ESR can be in
analyzing optical spectra of distorted semiconductors.

The excitation of the Fe’"(*T,(G)-54,(S)) lumines-
cence takes place by an energy transfer through photo-
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generated free holes from deep acceptors to Fe?* centers.
The participating acceptor centers have binding energies
larger than 2.25+0.05 eV. Saturation of the lumines-
cence intensity occurs even under cw excitation, which is
caused by the 25.2-ms lifetime of the excited *T,(G)
state. Five fine-structure levels are found for the *7T(G)
state, indicating just an intermediate Jahn-Teller interac-
tion. Obviously, the C,, crystal field stabilizes the Fe’*
center against E-type distortions, giving interesting topics
for further theoretical considerations.

Two different isotope shifts are observed: Fe isotopes
shift the transition energy by 39 peV/nucleon, and the
presence of one O'® isotope among the O'® ions in the
Fe’t 0?7, cluster shifts the transition energy by 365 or
222 peV, depending on its location. The isotope shifts
are interpreted in terms of local phonon modes, which
are sensitive to the mass distribution in the Fe’* 02,
cluster. It is pointed out that in order to observe an iso-
tope shift in an optical transition, at least one mass-
dependent local phonon mode has to experience a Jahn-
Teller interaction either in the ground or excited state.
Therefore, isotope effects give valueable hints for fine-
structure calculations involving the electron-phonon in-
teraction. The experimental data presented challenge the
detailed consideration of the local phonon system of im-
purity centers formed by an isolated transition-metal ion.
This holds especially for the O-induced isotope shift,
which is unique for such a center in a II-VI semiconduc-
tor.
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