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Vanadium centers in ZnTe crystals. 1l. Electron paramagnetic resonance
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Four V-related electron-paramagnetic-resonafEER) spectra are observed in Bridgman-grown ZnTe
doped with vanadium. Two of them are attributed to the charge sta{d8(0A™) and V,,2" (A of the isolated
V impurity. For the ionized donor, ¥3*(A™), the spectrum reveals the typical behavior of the expected
3A,(F) ground state in tetrahedral symmetry. The incorporation on a cation lattice site could be proved by the
resolved superhyperfine interaction with four Te ions. The second spectrum showing triclinic symmetry and
=2is interpreted as the neutral donor statg3/(A%. The origin of the triclinic distortion of the cubicT()
crystal field could be a static Jahn-Teller effect. The two additionally observed EPR spectra are attributed to
nearest-neighbor V-related defect pairs. The spectrum of the first %%f-VTe, shows trigonal symmetry
and can be explained by tIﬁF% manifold of an orbital singlet ground state. An associated def&¥gt™is
responsible for the trigonal distortion of the tetrahedral crystal field gt/ The spectrum of the second pair
defect also shows trigonal symmetry and can be describe8=b§ The ground-state manifold implies a
VZn3+'XTe pair as the most probable origin of this spectrum. Eae% ground state is produced by a domi-
nating isotropic exchange interaction coupling el ground-state manifold of ¥/3* to an assume$=%
ground state of X" in antiferromagnetic orientation. The nature of the associated defe¢ts’ ‘and “ X+
remains unknown for both pairs since no hyperfine structure has been observed, but most probably acceptorlike
defects are involved.

[. INTRODUCTION center. AT® 7, Jahn-Telle(JT) effect should be responsible
for the trigonal distortion. Compared with other tetrahedrally
In most semiconductors, B transition metals are well coordinated 8° ions exhibiting a symmetry lowering as-
known as deep impurities, generally possessing multipl€ibed to the JT effect, the temperature at which the spectrum

charge states, which strongly influence the electrical and odjad been observed was unusually high. For the isoelectronic

: . : : : .-charge state Cf in GaAs, an orthorhombic EPR spectrum
tical material properties. During the past years the mves'ugaWas reported:X® The spectrum could only be detected at

tion of V-related centers in 1I-VI semiconductors has gainedtemperatures below 10 K. The origin of the orthorhombic

a renewed interest, especially stimulated by the phOtorefraCdistortion should be a stron : :
. . g JT effect involving bethand
tive behavior of V doped CdTée.g., Refs. 1 and)2and, . \ipronic modes(anharmonic terms and/or nonlinear JT

more recen_tly, that of ZnTe:?/,viz._, in wa\_/elength reg_ions_ coupling.*12 Very recently, a triclinic V-related spectrum
where semiconductor laser and fiber-optics communicationfas peen verified in CdTe that is attributed tg& (A%.23In
work. a preliminary note, a V-related spectrum in Cd,Zn,Te

For 3d" elements, including vanadium, it is generally ac-was  also tentatively  assigned  to CA%+(A0§_14
cepted that they preferentially occupy cation lattice sites. The/, *(A7){3 d4} could not yet be observed by EPR, al-
charged donor state of vanadiumg,V' (A*) {3d%, has been though evidence for its occurrence was found by optical
verified by electron-paramagnetic resonatEBR in ZnS;}!  spectroscopy in ZnS and Zn%e.
ZnTe? and ZnSé. Here and in the following, the centers are  The optical properties of V-doped I1-VI compounds have
characterized by the oxidation state+) of the defect, as been investigated for a long time, verifying transitions attrib-
determined by EPR and optical spectroscopy, as well as byted to V" (A"), V27 (A%, and V'(A™). The vanadium ion
the net charge of the defect in the lattice characterized byhus proves to be an amphoteric impurifgefs. 16 and 17
AX_ Recently, this charge state has also been independentind references theréinCompared with ZnS and ZnSe, the
identified in CdTe by at least three grou(®ef. 7, and ref- knowledge about vanadium-related defects in ZnTe is not
erences therejnAll results confirm the cubic symmetry and very comprehensive. In part | of this paper, the three charge
a A, ground state, which is responsible for the EPR specstates of isolated vanadiut8+, 2+, +) placed on Zn sites
trum. So far, the neutral charge statg, 3/ (A% {3d%, could  could be verified by their luminescence transitions. The
only be observed in Zn%lIn that case, the spectrum was broad emission bands display weak no-phonon lines near
recorded at 77 K and interpreted as a trigonally distortdd V 4726 cm® [3T,(F)—3A,(F) transition of 4" (A")

0163-1829/96/5@)/191710)/$06.00 53 1917 © 1996 The American Physical Society



1918

{3d?%], 4056 cm?® [*T,(F)—*T,(F) of V,,2" (A% {3d%]

and 3401 cm! [°E(D)—°T,(D) of V,," (A7) {3d*]. Exci-
tation spectra could be separately recorded for these three
bands and are analyzed in terms of the respective excited
states and the related charge-transfer transitions. Further lu-
minescence peaks were tentatively attributed to V-related
complexes, probably those which will be discussed by the
EPR studies in the second paper.

To complete the optical data, we have studied the ground
states of the V-related defects in ZnTe:V single crystals by
EPR. Four different V-related spectra could be detected, two
of them are related to the isolated V defects observed also in
part | by optical studies and the two others are assigned to
V-related complexes.

Il. EXPERIMENT

The ZnTe:V bulk crystals used in this study are the same
as described in part {110 cleavage planes were chosen as
rotation planes in the magnetic field. The EPR spectra were
recorded in theX (9.44 GHZ andQ (34.0 GH2 bands using
a Bruker ESP300E spectrometer equipped with Oxford He
gas-flow cryostats. lllumination of the samples with a halo-
gen lamp was possible during the EPR experiments.

IIl. RESULTS AND DISCUSSION

Typical EPR spectra of ZnTe:V crystals progig. 1) in
all cases the incorporation of vanadium by its characteristic
eightfold hyperfine structure of the EPR lines, due to the
magnetic electron-nuclear interaction at the isotdjvewith
a nuclear spirl =% and a natural abundance of 99.75%. In
the spectra for the magnetic-field orientation parallel to a
(110 crystal axis at 4 KFig. 1(a)] and at 20 K forBI{100
+10° [Fig. 1(b)], besides the V-related defects, which shall
be discussed below, spectra of the unintentionally incorpo-
rated transition metals M¥™ and Cg,?" in the dark and
Fe,," under band-gap illumination are detecfdtg. 1(b)].
The V-related spectra are not photosensitive. The analysis of
the V-related spectra in the following sections is based on the
usual description by an appropriate spin Hamilton{Si),
which, in the present case, turns out to be of the form
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FIG. 1. X band EPR spectra of ZnTe:V f¢a) a measurement at
4 K in the dark andb) at 20 K in the dark(top) and under the
influence of band-gap illuminatiotbottom.

electronic spinZgye. Not all of the occurring SH param-
eters could be determined for each of the four V-related cen-
ters, because of too low experimental resolutiomainly
caused by overlapping ling®r since some of them were
zero according to the observed spin states and symmetries.

A. Isolated V centers: V,,,2*(A*) and V,,2* (A%

At low microwave power an eightfold split, isotropic
spectrum was observed between 4 and 70 K. Except the
high-field line all other hyperfine transitions are superim-

and the electron-nuclear superhyperfine interaction with alposed by other spectra. Contrary to the common EPR expe-
nuclear sping of the ligands appreciably interacting with the rience in 1l-VlI semiconductors, the lines are very broad
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TABLE |. Spin-Hamilton parameters of the isolated
V23" (AY) {3d% impurity in ZnTe with cubic symmetry. ' Y Te v '
VX, i double-quantum transition
|AY] AT
S g (10 %cem™Y (10*em™ Refs. ! [N, INERESREE e <1107
1 1917 578 - 5 2, ;
. . =
1 1.959(1) 57.6(5 first shell |[A[¥=44.0 (5) this paper < Qi
|A[=17.0 (5) 5
third shell |[A™=1.1 (1) E .
3 g <112>
Ve do not realize the reason for the difference inghealues, but 7
we do not believe in the occurrence of two different centers.
<100
(ABp,=2.8 mT). With increasing microwave power, sharp
signals(AB,,=0.04 mT) grow up from each broad hyperfine
line. These sharp signals show a further splitting, due to the . t . L . L . !
interaction with nuclear spins of the surrounding host ions 364 366 368 370 372
(superhyperfine interaction Magnetic Field (mT)

Such a behavior of a spectrum has been repeatedly ob-
served for & ions 'n_”'VI Semlé:fnductorséRefS. 4 and 7, FIG. 2. Angular dependence of the superhyperfine structure of
and references theré_annTe:VZn was briefly reported by gne hyperfine transition of §3*(A*) for experimental conditions,
Woodbury and Ludwig. The tetrahedral crystal field at the \where the double-quantum transition is dominating the single-
cation site splits théF ground state of the free¥ ion into quantum transitiongstack plot and calculated angular dependence
the terms®T,(F), 3T,(F), and3A,(F), in order of decreas- (solid lines of the interaction, with the four Te ions of the first
ing energy. The EPR transitions were observed within theshell. The magnetic field is rotated in th&lQ plane. The further
S=1 spin triplet of the3A2(F) ground state. Using the SH splitting of the central linéCL) and the transitions marked byare
(1) for the description of the spectrum, only a reduced set Omterpreteq as the interaction with the third and second shell. Details
parameters is necessary if one bears in mind that in Pyre 2re given in the text.

symmetry, there is no fine-structure splitting, iB=E=0,  interstitial site of V is very unlikely, because the observed
and the Zeeman as well as the hyperfine interaction are is@pin state is consistent with the electronic structure of a sub-
tropic and can be described lgyand AV, given in Table I.  stitutional site.

The parameters were fitted using third-order perturbation The described two kinds of EPR transitions are yielded by
theory for the hyperfine interaction. The lower-than-cubictwo superimposed single quantum transitighs—|0) and
symmetry at the ligand sites implies an anisotropic superhyl0)—|—1) (broad signal and one double-quantum transition
perfine interaction. Indeed, the superhyperfine structure dfl)y=2|—1) (sharp signa| viz., the simultaneous absorption of
the double-quantum transitions reveals trigonal symmetrywo microwave quanta. This conclusion could be verified by
(Fig. 2) and is, therefore, assigned to the four Te ions of thehe different power dependence of the two types of transi-
first shell. This is in line with the behavior of other tions(e.g., Ref. 7 and references thepeifihe reason for the
transition-metal impurities in several 11-VI compounds. broadening are random strains which reduce the individual
The angular dependence the superhyperfine structure can bgmmetry of the defect accidentally and, therefore, lift par-
calculated by four equivalent Te nuclei taking into accounttially the threefold spin degeneracy, thus producing a singlet
that 1%Te is the only isotope with an appreciable naturaland a doublet. The single-quantum transitions occur between
abundance€6.99%), which has a nonzero nuclear sgin= the singlet and the doublet states and, therefore, the line po-
1) and is shown by solid lines in Fig. 2 using the parametessitions are directly influenced leading to a broadening. The
of the first shellA[® andAT®. The slight deviations between double-quantum transition occurs only between the doublet
experimental and calculated line positions as well as the istates, which are unaffected by random-strain splitting, and
some cases additional line splitting of the spefig. 2) are  the line remains sharp. The large difference in the linewidths
caused by a small misalignment of tkELQ rotation axis. between the two types of transitions indicates the occurrence
With a further decrease of the modulation amplitude, an isoef remarkable random strains in the crystal.

tropic three-line structure becomes observable on the central Within the framework of simple crystal-field theory, the
line (CL) (Fig. 2. The best fit of this structure was achieved value shows the shift typical for 3\, ground state in &
under the assumption of the interaction with the third shell ofcrystal field. According to the relati62?19=ge—8k)\0/A, we
twelve Te ions using a Lorentzian line shape of a width ofget an exceptionally small value=0.25 (implying an un-
AB,,=0.036 mT and the superhyperfine paramét&also  usual large covalengyfor the covalency reduction factor if
given in Table I. The isotropic lines, marked byin Fig. 2,  we useg,=2.0023 as the free-electron valug=104 cm*
have not been considered so far. Their origin might be thes the spin-orbit coupling constant of the f?e%*\i’on,lg and
unresolved superhyperfine interaction with twelve Zn ions ofA=10Dq as the energy difference between e (F) and

the second shell. The incorporation of V on a Zn site is thuSA,(F) states, recently measured by luminesc#fite as
proved sincdi) this structure clearly differs from that calcu- A=4726 cm. Thek value in ZnTe is similar to that deter-
lated for a V ion fourfold coordinated by Zn, arid) an  mined for \V,,,>"(A*) in CdTe’
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FIG. 4. Schematic term splitting of the ground state df"V
{3d% in a T4 crystal field including low-symmetry distortions and
spin-orbit coupling.

Rotation Angle (deg)

FIG. 3. Angular dependence of the ZnTe:V EPR signa K in
the X band. Stack plot of the EPR spectf@ and a plot of the
calculated fine-structure line positions for the triclini¢'VA®) im-
purity (b). The magnetic field is rotated in {410 crystal plane.
Those EPR lines, which do not belong to th&"\are marked by
for superposition of ¥"(A"), the trigonal \,,>" — X1, pair, and
residual Mt (A%, by * for the trigonal \4,,>" — Y pair, and by #
for residual F&(A™) and CS™(A9).

fourfold spin degeneracy, which is partially lifted by the
spin-orbit coupling finally leaving six Kramers doubl€Esg.
4). The energetic splittings arising from the latter two inter-
actions are of such an order of magnitude that at low tem-
peratures an appreciable occupation can only be expected for
the lowest two doublets, which will be referred to in the
following as the “lower” and the “upper” Kramers doublets.
Furthermore, we observe a second V-related spectrum ag-he analysis of the spectrum with SH) and S=3/2 shows
signed to the isolated )" (A% (Figs. 1 and ® The simul-  that our observations of spin transitions are restricted to the
taneous occurrence of the neutral charge statg?’VA®), lower doublet, because the zero-field splitting
with the already described positive charge stateis ex- 2Q=2(D?+3E?? is large enough to prevent transitions
pected if the Fermi level is pinned at the V donor level. In abetween both Kramers doublefis spite of their high tran-
tetrahedral crystal field, the orbital tripl&F,, which is split  sition probability andQ-band employmentand within the
off from the free-ion ground statéF of V', is lowest in  upper one as wellbecause of insufficient thermal occupa-
energy(see Fig. 4 If there are no other distortions lifting the tion). There are several additional reasons rendering difficult
orbital degeneracy, such a ground state is known to underga precise determination of the SH parametersD, E, A})
a JT effect which, in its static limit, lowers the symmetry of and of the principal axes of the center systémy, z): (i)
the (statig crystal field at the impurity ion site. triclinic point symmetry in a crystal of 4 symmetry results
The linewidth of each of the eight hyperfine transitions ofin 24 center orientations, only for an exadtl0 rotation
the V2" (A% spectrum is about 0.5 mT. Therefore, it is not plane reduced to 12 magnetically nonequivalent orientations,
surprising that the expected superhyperfine splitting, due teorresponding in our case to at least 12 EPR lifmeglect-
the Te ligands, cannot be observed in contrast to the case dhg hyperfine interactionfor each arbitrary angle of the ro-
the sharp double-quantum transition lines 6 . Further-  tation pattern;(ii) considerable spreading of the spectrum
more, it should be mentioned that no additional line splitting,due to the strong hyperfine interaction with tf¥ nucleus;
due to a nearby symmetry-lowering impurifgee beloyw  and (iii) strong overlapping by other spectra. Fortunately, a
abundant with nonzero nuclear spin, could be resolveddescription of the angular dependence of the spectrum is pos-
When the temperature of the sample is raised above 12 Ksible by an effective spi’=3 dropping all terms of SH1),
there is a rapid decrease in the observability of the lines. Thlut that of the Zeeman interaction, now with effectige
experimental angular dependence of the EPR lines and thealuesg . This approximation requires that the zero-field
calculated V2" (A% dependence, neglecting the hyperfinesplitting 2Q be large compared to the Zeeman splittiog
splitting for clarity, are shown in Fig. 3 for a rotation in a the microwave quanturnv), as already concluded from the
{110 plane. This pattern indicates triclinic symmetry, but missing transitions to and within the upper doublet. Taking
with only a small deviation of the quantization axifrom a  into account this experimental fact, a lower limit 0Q2is
(110 crystalline direction. As mentioned above, such a low-roughly estimated as about 10 ch Bearing in mind
ering from tetrahedral symmetry is not surprising. It splitsthe experimental difficulties, the rotation pattern
the orbital triplet'T; into three orbital singlets, each one with [Fig. 3(b)] can be fitted by the effectivg values and
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TABLE Il. Spin-Hamilton parameters of the isolatedy, ¥ (A% {3d?} impurity in ZnTe with triclinic
symmetry;{(z,y,x) are the principal axes witkl[—-0.019, 0.702, 0.712 yI[0.962, —0.18, 0.204, and
xI[—0.271,—0.689, 0.67%, andz’, y’, x" are parallel td011], [100], [011], respectively.

(a) Effective spinS'=3 description

r_1 ’ ’ ’ ’ ’ ’
S'=3 9y 9yryr Oy Dyryr Oy 9yrpr
1.869(5) 4.60(5) 3.13(5) 0.45(10 0 0.05(3)
9, gy 9y
1.868(5) 4.73(5) 3.00(5)

(b) *A, ground state

S=g 9z Oy Ox
2.0023 1.96(5) 1.97(3) E/D=0.153(3)
51V |A|
hyperfine
parameter
(10 %cem™h 60 (2)

the principal axes given in Table Il. To link the effectige

values with the SH parameters in the description of the spec- =B 2 (9eBiS—aBil)), (4)
trum by the real spirs=3, at first the fine-structure term of e

the SH(1) is diagonalized within the manifold of the spin appropriate for the treated model, the first-order Zeeman
quartet and then the first-order Zeeman corrections are casplitting can be determined and related to the principal

culated yielding the well-known formula, e.g., Ref. 20: values. The best approximation to the experimentally deter-
mined effectiveg values is obtained ford,/A=69 and
9x=0x[1-(3E-D)/Q], Sl 62=0.15. The fine-structure splitting of the two lowest
Kramers doublets amounts toQ2\=0.03 at this point,
9,=0,[1+(3E+D)/Q], (20 which renders only @~1.7 cmi ! taking A\=55 cm !, the
spin-orbit coupling constant of the free iorf / Though this
0.=0,2D/Q—-1), Q=D?+3E?, value of 2Q is by at least a factor of 6 too small compared to

our observations, this simple model supports the assumption
valid for the lower doublet, which we could determine for concerning the ground state within the cubic field. Further-
the three principaly’ values. Since Eq(2) contains four more, one can conclude that the sign of theomponents,,
unknowns(gy, gy, g,, and E/D), it can only be solved of the triclinic field distortion must be positive with the or-
unambiguously if an assumption is made for at least one ofjtal singlet*A, lowest in energy, because in the opposite
them. Following Hennig, Liebertz, and van Stap&eg, was  case with &'B term lowest, though yielding similay’ val-

fixed at the free-electron valugg,=2.0023. The obtained SH yes, the order of both Kramers doublets is reversed, in con-
parameters are summarized 3 in Table Il. The fine- trast to that implied by the experiment.

structure constarid itself remains undetermined, except that  The similarity to the isoelectronic &t cente?'®in par-

it is positive and exceeds a lower limit as discussed aboveticular the temperature range where the signals appear, lets
To check in more detail our assumption of a triplet orbitalys conclude that the origin of the triclinic symmetry of the
ground statéT, split by the action of a crystal field of lower v/, 2+(A% center is a static JT effect and not an associated
symmetry than cubic and spin-orbit coupling, a Hamiltoniangefect as in the cases discussed in Sec. Il B. The JT effect is
is used that treats the ground-state manifold by a fictitiousn its static limit, as can be inferred from the large line in-
orbital momentuml’=1 and the real spir§=3. It can be tensity, and leads to@,, symmetry. The lowering frort,,

writter?* (using the signs of Ref. 19 to C, is possibly due to a weak off-center shift ofMA°).
Whether such an additional distortion is present also f3f Cr
= ST 2= (1" + DT+ 8u(172=1"2) + a I's in GaAs cannot be decided as the linewidth of the EPR tran-
adlz" =31 NHom( =yt a isz,y,z S sitions in GaAs:Ct" is larger by a factor of 20 compared

(3)  with ZnTe:\?*.

where we have denoted the axial field compor(€irection
of z) by &, the rhombic component by,,, the effective
orbital Landefactor by« (restriction to a single ongand the In addition to the two spectra which have been assigned to
spin-orbit coupling constant by. Taking a=—1, the limit  the neutral and positive effective charge states of the isolated
for a strong cubic field, the HamiltonigB) can be diagonal- V impurity in ZnTe, two further V-related spectra could be
ized in first approximation. The dependences of the resultingerified in a temperature range between 4 and 70 K. Parts of
energy eigenvalues on the axial field component were calctthese spectra, designateg ¥ —Yq, and V3" —Xq,, are
lated in units ofA. With the corresponding eigenstates andalso shown in Figs. 1 and 3. For the first one, the angular
the Zeeman Hamiltonian, dependence of the fine structure is shown in Fig. 5, for mea-

B. V-related pair defects
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up to 70 K, which is more typical for pair defects than for JT
behavior(compare, e.g., the triclinic 3> (A% center in this
paper with the Ct" center in GaAs, where the spectra dis-
appear for temperatures higher than about 10 K, because of
line broadeniny

For a trigonal center oB=3, the energy levels can be
described by the Hamiltoniafl), where thez axis of the
principal-axes system coincides with the trigo@alsymme-
try axis parallel to(111). The x andy axes are arbitrarily
oriented in the plane perpendicular zo According to the
four C3 directions, there are four magnetically different cen-
ter positions, two of which are always magnetically equiva-
lent under rotation around @10 axis, as employed in our
experiments.

However, the deviation of the observgd value from the
limit g =4, and the occurrence of several additional transi-
tions in the high-field regioriFig. 5@)] suggests that the
fine-structure splitting is not totally dominating over the Zee-
man splitting in theX-band experiment. To define an initial
value for the procedure of exact diagonalization of the en-
ergy matrix yielded from the Zeeman and fine-structure parts
of (3), we use perturbation theofg.g., Ref. 22

<110> <111> <100>

- Magnetic Field (nT)

- Magnetic Field (mT)

3

B
gi=29L(1—Z 9

2D

2
) . (5)

Under the assumption af, =2 (confirmed below by the fit
of the total angular dependencesXnand Q bandg, it is
straightforward to estimate from E@5) |D| at about 0.4
FIG. 5. Trigonal angular dependence of the fine-structure linecm™ %, which is in the same order as the Zeeman energies at
positions of the 2" — Y+, pair in ZnTe obtained in th¥ band(a)  the resonances. Consequently, an analysis of all fine-
and theQ band(b). The magnetic field is rotated infa1Q plane.  structure transitions using perturbation theory is not suitable.
The experimental data are plotted as solid circles. In order to proceed in such a case, we have applied the
) ) method of direct diagonalization of ti&=2 energy matrix of
surements in the&X band, as well as in th@ band, and the Zeeman and fine-structure part of the spin Hamiltonian
indicates trigonal symmetry. For theband, the most inten- (1) Starting from the initial spin-Hamilton parameters dis-
sive groups of transitions occur in the low-field range be-cyssed above, we fit the observed angular fine-structure de-
tween 150 and 350 mibold lines in Fig. $a)], a situation  pendences in thi andQ bands. The parameters of the best
which is _characterlstlc of_a spin system with an odd nur_nb_eﬁt are given in Table Ill. To explain the origin of some of the
of unpaired electrons in the weak-magnetic-field limit transitions, we have plotted the energy levels of 8vel
(D>hwyy). In the weak-magnetic-field approximation, the ground-state manifold for the magnetic field parallel )

Rotation Angle

lines can be described with an effective sgih=; andg]  and perpendicularz( B) to theC; axis, whereD is assumed
=2.000,9] =3.83. This behavior is expected for transitions to be positive(Fig. 6).
within a |+ 3) doublet of a spin system, with a large trigo- The reason for the completely changed pattern inGhe

nal zero-field splitting, where the effectigevalues become pand [Fig. 5b)] is the altered ratio between the field-
g, =2 andg| =4. Therefore, we assigned this spectrum withindependent zero-field splitting characterized yand the
S=2to a V2" (A%-related defect, for which the ground Zeeman splitting, which is about four times larger as inXhe
state behavior is determined by thel®3electrons of the V. band. Indeed, to describe the1/2) transitiongbold lines in

ion implying a spin of ¥, As mentioned in Sec. lllA, Fig. 5b)], we have to swap the common perturbation theory
V2.2* (A% has an orbitally degenerat€, ground state, ify ~ for a treatment where the fine structure is considered as a
symmetry split by the trigonal distortion into an orbital sin- perturbation of the Zeeman splittingD&gBB). In that
glet “A, and an orbital doubletE. The fourfold spin degen- limit, the angular dependence of the electrofig——3 tran-
eracy of the*A, ground state is partially lifted by spin-orbit sitions is mostly determined by terms proportional to
coupling into two Kramers doubletsA priori, we cannot D?/gBB.Y° However, also for theQ band, the demand
decide whether the origin of the observed trigonal distortiorD <gB is not really fulfilled and, therefore, it is necessary
is caused by a JT effect or an associated defect, but we claito apply the direct diagonalization of the energy matrix. The
that an associated defecYy.” is responsible for the lower- parameters given in Table Il fit also tH@ band angular
ing of symmetry in the present case. The main argument fodependence shown in Fig(tJ.

the occurrence of an associated defe¥t,” stems from the The hyperfine parameters of Table Ill were determined by
fact that the spectrum is measurable without line broadeninthe fitting of the hyperfine line position fdsllz and BLz
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TABLE Ill. Spin-Hamilton parameter of both trigonal spectra of, 8% —X1, and V2" — Y+, pairs in
ZnTe (zI{11D)).

5l hyperfine parameter
ID| Al A,
Defect S g g, (em™b 10 *em™Y 10 *em™Y
V3 =X : 1.975(1)  1.964(1) 46.4 (5) 53.7 (5)
V3 =Yoo $ 200005 20005  0.414(3) 49 (1) 53 (1)

applying perturbation theory. For arbitrary orientation the V. For the second spectrum discussed in this section, called
hyperfine structure becomes more complicated because &f,>* —X+,, the angular dependences are given in Figa). 7
the simultaneous occurrence of allowgin=0) and forbid- and 7b) for measurements & and Q band frequencies,
den(Am==1) nuclear-spin transitions. In this case, the mix- respectively. The experimental data were interpolated by
ing of nuclear states is caused by the effective magnetic fieldontinuous lines, which coincide with those obtained by a fit
acting on the V nucleus, which is created by the comparablgng only these are shown in the figure for clarity. The angu-
electronic Zeeman and zero-field splittings. _lar dependences show trigonal symmetry of the defect and
The analysis of the spectrum has proved thé:lt 'the .behawq{an be described by a simpB=1 spin Hamiltonian includ-

of the spectrum can be interpreted by (A’ ion in a ing hyperfine interactiorffor a S=3 ground-state manifold
trigonally distorted tetrahedral crystal field. It seems 10 D&y,q fine_structure term is irrelevans discussed above, we
most probable that the trigonal distortion is produced by arlaxpect three magnetically different center positions for a cen-

associated closed-shell defect.,” which occupies the S .
nearest-neighbor Te site. ter with trigonal symmetry if we rotate around HL0 crystal

4 @ T - M <110> <111> <100>
a
. X72+ v v v
L ZaTe: V2 Y, 1 32 (@) ZnTe: Vo.-Xg,  T=20K X band
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FIG. 6. Energy-level diagram for th =Y ir in ZnT .
G.6 ergy-level diagram for t ez}(2 Te Pai e Rotation Angle

for the magnetic-field oriented parall@) and perpendiculafb) to
the trigonal axis. EPR transitions at 9.44 GgXzband and 34 GHz
(Q bangd are indicated by solid and dotted lines, respectively. For FIG. 7. Angular dependence of the EPR line positions of the
an exact parallel orientatiof@), only allowedAM==*1 electronic  trigonal V,>" — X+, pair in X-band(a) and Q-band measurements
spin transitions have a transition probability unequal to zero, theretb) (note here that the hyperfine splitting is taken into accpdrite
fore, only those transitions are included. magnetic field is rotated in €10 plane.
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axis. The spin Hamiltonian was treated by second-order per-
turbation theory folA|<gBB. The line positions of the al-
lowed (3,m)«<(—3,m) transitions were calculated aftér

2
Bijo. - 1/2mem=Bo— Am— (AT +A?) A+
: 4A%B,

X[1(1+1)—m?]

_[(A?—Ai)z (QMQZL)Z Sir? 20}m2,

8AZB, g
(6)
with
hv
80:@,
FIG. 8. Microscopic model for the nearest-neighbor pair defects
2+ _ 3+ _ ; :
gzzgfco§0+gfsin20, V7,57 =Y1e and V,,°" — X5 having trigonal symmetry.
59 2.2 2.2 . (7). The total-spin quantum numbers following frofm are
where all symbols have their usual meanifigre the HF .
parameterA is used in magnetic field unitsé is the angle E(S) =3Iy x[S(S+1)=Sy(Sy+1)=Sx(Sx+1)]. (8

between the magnetic field and thexis (zllC3). The spin-
Hamilton parameters rendering the best fit are listed in Tabl®&low we have to consider which ground-spin manifolds of
1. The g values near 2 and their slight anisotropy verify thatthe pair constituents can produce 83 total-spin mani-
S=1is the total spin of the ground state and not an effectivefold. For the V impurity the most probable charge states are
one, as in the cases discussed for tifé Wenters. V23t (A™) or V427 (A, yielding anS,=1 or S,=2 spin

In the following, we will give a discussion of th8=%  manifold, respectively. In the case of t8g=2 manifold of
ground-state manifold, which is unusual for V-related defectg/Zn”(AO), the recommended spin for theXy,” defect is
in 1I-VI materials. For isolated impurities or complexes, Sy=1. In our opinion, anSy=1 defect is less probable for
where the electronic behavior is determined only by the V* X1..” More likely should be anSy=1/2 ground state for
ion, aS=3 spin manifold of the ground state is expected forthe defect Xt.,” which is necessary if we assume V in its
V5 A (A?Y) {3dY} in its high-spin configuration and for ionized donor state ¥3*(A*) with S,=1. Considering that
V727 (A% {3d% in its low-spin configuration. The Tanabe- the possible pair-formation mechanism usually based on a
Sugano scheme of M (A% show&! " that the possibility Coulomb attraction, we predict an acceptorlike defect for
of a low-spin behavior might be realistic in the case of a“ X..” In its paramagnetic state, the acceptor has to be oc-
small increase of the crystal-field strength. In both instancesupied by a hole. The ground state of the hole in the trigonal
a ’E ground state is expected, which should undergo a Jpair symmetry is most likely an effective spjnmanifold.
effect. It is known for arE state that it interacts with the ~ Therefore, we assume a,¥*" — X1, pair, where the defect
vibration modes resulting in a tetragonal JT distortion. This‘ Xt.’ has anS=3 ground state. In the frame of this model
expected behavior fdE ground states contradicts our obser- using Eq.(8), we get two total-spin levels witB=3 andS=
vations and furthermore, the existence of a double donoi. In the strong isotropic exchange limit, the energy separa-
V72T (A?Y), in ZnTe is very unlikely. Both remaining V tion between the two levels is much larger thanand zero-
charge states which possibly occur in ZnTe, ¥ (A¥) and field splitting. The EPR spectra are just the superposition of
V., *(A7), have an even number ofiZlectrons producing a the spectra observed for the two total-spin states according to
ground-state multiplet with an integer spin and thereforetheir thermal population. The total-spin states can be de-
cannot be responsible for the spectrum. scribed by a phenomenological spin Hamiltonian. In the

A type of defect that might be account for the spectrumpresent case, we observe only the; total-spin state. The
shall be discussed now. Based on the trigonal symmetry, wipllowing relations between the parameters for 8ienani-
suggest a nearest-neighbor pair of \and an associated de- fold (determined in the experimgnand the parameters of
fect “ X+, at a Te site(Fig. 8). Both defects should be para- the individual spin centers and exchange spin-Hamilton pa-
magnetic, with a dominating exchange interaction betweetiameters are given by Bencini and Gatteschi,
them. The isotropic exchange interaction can be described by
the spin Hamiltonia? gs=C10x+ CoGy

Hex=Iv xSvSx - (7

In the strong-exchange limit, we consider the effects of the
other spin operators as a perturbation to the eigenvalues @fith

Ag=C1Ax+CAY,
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Sx Sy S ¢ ¢ 9 V., "(A7) EPR spectrum, not even under illumination of the

1 1 L_1 4 k ©) sample. The reason might be either that thg™WYA™) con-

2 z2 33 centration achievable by illumination is not large enough for
3 1 2 an EPR detection or that the resulting ground-state behavior

does not allow EPR transitions. Indeed, we expect low tran-
wheregg and Ag are the tensors of total-spin states, while sition probabilities for the most probable ground-state behav-
gy, Ay andgy , Ay are the tensors of the individual constitu- ior of V," (A7) {3d%. V," (A7) has a°T, ground state in
ents of the pairV and “Xq,” respectively. Because we do T4 symmetry that is lowered by JT effect to an orbital dou-
not know the parameters of the individual constituents in arblet and an orbital singlet witB=2. The spin degeneracy of
isomorphous complex, where in each case the other constitthe S=2 orbital singlet is partly lifted, preferentially by spin-
ent is diamagnetic, we try to use the parameters from therbit interaction(see the description of the isoelectronic state
tetrahedral defects for an estimation. Of course we cannaif Cr** in II-VI materials$’®. If the yielded fine-structure
expect to explain the anisotropy which was observed for theplitting in an axially distorted crystal field is large compared
parameters of the pair given in Table Ill. Furthermore, therdo the Zeeman splitting, the possible EPR transitions within
is no additional hint on the assumed isolated defétt.” in the doublets have zero or very low transition probabilities.
the spectra. The reason might be that it exists only in the pair The EPR spectra, which could be unambiguously as-
and/or is only generated by the pairing mechanism. What weigned to the isolated )" (A*) in ZnTe, reveal the typical
know about ‘X1, is that it gives no measurable contribution behavior of a the expecté\, ground state. The analysis of
to the hyperfine splitting of the pair, therefore, we assumedhe resolved Te-ligand hyperfine interaction combined with
Ix=0. Using the known parameters of the isolatedthe commonly accepted assumption that transition metals
V73t (A) with gy=1.959,A,=57.6x10"* cm ! and the preferentially occupy lattice sites, suggest that V is incorpo-
hypothetical parameters forXy.” with g=2 andl =0 (that  rated at a Zn cation sites. From analogy to the isoelectronic
meansAy is not relevant we get from Eq.(9) for the S= cr** in GaAs, we attribute the triclinic V spectra to the iso-
$ stateg,,~1.97 andA,,~76x10* cm . The g value lated \,,2*(A%). The origin of the triclinic distortion of the
agrees with the experimental ones, but the calculatedubic crystal field T) in the ground state should be a static
hyperfine-coupling constant is too large. To get a reasonabl@T effect(an orthorhombic distortion is produced by the in-
value for the hyperfine parameter, the individual V parameteteraction of the“Tl electronic state witte and r, vibrational
has to be reduced. This conclusion is in plausible accord witlmode$ combined with an additional off-center position. The
the supposition that the electron localization at the V nucleuspectra have been described by a resulting orbital singlet
in the pair has to be lower than in the case of the isolated With S=32. The additional splitting of the ground state could
defect in tetrahedral symmetry. not be verified by the luminescence investigations.

In contradiction to our interpretation of the two trigonal  Two additionally observed EPR spectra were assigned to
spectra by two different pair models, there is the principalnearest-neighbor V-related defect paffég. 8. The spec-
possibility that both trigonal spectra, interpreted B3  trum of the first one, ¥," — Y., shows trigonal symmetry
(V22" —Xgo) and byS=3 (V.2 —Y1o), belong to the same and can be explained by tf&=2 manifold of an orbital-
pair characterized by a strong exchange coupling as it wasinglet ground state. The associated defett.” is respon-
applied for the interpretation of th8=3 spectrum given in  sible for the trigonal distortion of the tetrahedral crystal field
Sec. lll B. In this case, th&=3 and S=3 spectra would of V52" . This distortion lifts the orbital degeneracy of the
belong to the two total-spin states of the pair. There are twdT, ground state ifT ; symmetry. The spectrum of the second
arguments which led us to exclude this possibility of inter-pair defect indicates trigonal symmetry as well and could be
pretation: First, the temperature dependences of the intensilescribed byS=3. The interpretation of thé&=3 ground-
ties of both spectra show a typical ground state behaviorstate manifold led us to conclude that a.% — X, pair is
which contradicts the fact that one of the spin states ought tthe most probable cause of the spectrum. Both constituents
be an excited state and second, the ratio of the hyperfinef the pair should be paramagnetic. TRe 3 ground state is
parameters of both spectra is about 1, which is far from theproduced by a dominating isotropic exchange interaction, be-
ratio of A,/ A5,=2 calculated after EQ9). ing antiferromagnetic between ti&=1 ground-state mani-
fold of Vz,>* and an assume8=3 ground state of X,.”

In the following, we will discuss some problems of our
assignments concerning isolated impurities and pairs. Usu-
The optical studies with ZnTe:V have substantiated theally in low or moderately doped II-VI compounds, the con-
occurrence of three charge states of an isolated V impuritycentrations of transition-metal-related complexes are some
the positively charged ¥3"(A"), the neutral ¥,>" (A%, and  orders of magnitudes smaller than the concentrations of iso-
the negatively charged )'(A™). Further luminescence lated transition-metal defects. It is surprising that in the
peaks were attributed to V-related pairs or complé??é%'.) present case of V-doped ZnTe four different spectra are ob-
Two of the charge states of the isolated V impurity asserved in the dark, attributed to four different kinds of de-
characterized by luminescence in part | are also verified byects with nearly the same defect concentration. By this fact
EPR, the positively charged A?"(A*), and the neutral the assignment of the spectra to isolated defects or to com-
V725 (A% ion in the dark. Therefore, we conclude that the plexes becomes more difficult, especially in the case of the
Fermi level is pinned at the ¥/V2" donor level, as it is two S=3 spectra in trigonal and triclinic symmetry. As men-
expected for ZnTe that is usuallypatype material under the tioned in Sec. lll A, the main argument for the assignment of
applied growing conditions. We could not find any hint on athe triclinic V2" (A% defect to the isolated one undergoing

IV. CONCLUSIONS
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a static JT effect comes from the temperature dependencould be acceptorlike. However, it should be underlined that
and the symmetry analogy to the isoelectronid’dn GaAs  our argument of Coulomb attraction is not unequivocal and
(Refs. 9 and 1) but it should be repeated here that theanother mechanism producing a minimum in total energy can
results given for V* in ZnS (Ref. 8 do not fit these argu- also be responsible as a driving force. In that case, the pos-
ments. sible origin of the defect X;." and “ Y. cannot be re-
We have also considered the possibility that V might bestricted to acceptors.
placed at interstitial sites, but this type of incorporation |n summary, the EPR results at the ground states confirm
seems to be improbable, because we observe nearly the sag@ optical data concerning the three possible charge states of
strength of hyperfine splitting for all spectra. In contrast, onehe isolated V impurity in ZnTe, where V substitutes for the
would expect a larger hyperfine splitting for an interstitial zn jon. The observed symmetry lower th@gfor the ground
than for a substitutional incorporation. state of \4,2* (A is caused by a JT effect. The reason for
The nature of the associated defectére” and “Xre"  the lack of a \4,"(A™) EPR spectrum might be either that
remains unknown for both pairs, because no hyperfine strughe Vv, *(A~) concentration achievable by illumination is not
ture could be observed. The comparatively large concentraarge enough for an EPR detection and/or that the resulting
tion of pair defects led us to conclude that a donor-acceptoground-state behavior does not allow EPR transitions. The
pairing mechanism might be responsible driven by the Coutwo V-related pair defects verified by EPR,,¥" — Y+, and
lomb attraction between the constituents, as it is observed fay, 3* . possibly correspond to some low intensity no-
many pairs in semiconductor materials. For the observed pafhonon lines in the emission spectra.
defects, we have found that V acts as a donor. Therefore,
most likely unknown acceptors at a Te site in ZnTe, which
yield usually thep-type character of this material, are incor- ACKNOWLEDGMENTS
porated in the V-related pairs. In general, group-V and
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