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Magnetic circular dichroism of the 1.404-eV interstitial nickel absorption transition
in high-pressure synthetic diamond
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A high-resolution magnetic circular dichroisfCDA) study of the sharp 1.404-eV zero-phonon absorption
line associated with interstitial nickel in high-pressure synthetic diamond is reported. A model is presented
attributing the absorption to internal transitions within tra® @onfiguration of Ni , as perturbed by the cubic
field at the diamond interstitial site, plus a smaller trigonal crystal field. The model provides a consistent
explanation of the signs of the circular absorption coefficients of all the observed transitions plus the unusual
features of they values observed for the ground,(~0) and excited §,~0) states. A search for an optically
detected magnetic resonance in the MCDA was unsuccessful, consistent with the forbidden magnetic reso-
nance transition for a8=1/2, g, =0 ground state[S0163-18209)13231-4

I. INTRODUCTION sult remains, however. This is the conclusion of Nazare
et al.® that the Zeeman results impgf~0 andg, =2.5 for
Ni is used as a catalyst in the high-temperature, highthe excited state of the optical transition. If true, that is a

pressure growth of synthetic diamond, and is therefore &"0st unexpected result for an orbital singlet state, and this
result has not been addressed in the theoretical studies.

likely contaminant. A recent eI?ctron paramagnetic reso- In the present paper we investigate the magnetic circular
?Na ln FEIeI\/I(-EZF;R)W;LUdgn bgﬁl(j;}i/\?:t:;'in gisl/ozbstﬁ;\:egozsﬁf:ec; dichroism in the optical ab§orptidmACDA) associated with
) . the 1.404-eV Zeeman-split sharp zero-phonon {AeL).

(111 trigonal symmetry withg;=2.3285 andg, =0. The  Ap atempt to optically detect EPR in the MCDAMCDA-
defect was tentatively identified as interstitial nickel in its opEPR, which would have supplied a critical test of its
singly positive 31° charge statéNi;") with a nearby distur- assignment to the NIRIM-2 EPR center, was unsuccessful.
bance(perhaps a vacancy or impurity atpmesponsible for However, from the sign of the MCDA, and tigevalue of the
the trigonal symmetry. excited state, we verify unambiguously that the ground-state

Other studie&™® have identified two Ni-related optical doublet isI'sg, as concluded by Nazaet al® In addition,
transitions with zero-phonon lines at 1.401 and 1.404 evWe demonstrate in an independent way that, for the excited
Observed in both photoluminescenteL) and absorption, Orbital singlet stateg is mdegd very close to zero, setting an
the transitions were identified as arising between a groun§Yen lower upper bound. Finally, we develop the interstitial
orbital doublet, split by 2.8 meV, and an excited orbital sin-d~ model further to explore the origin of this unexpected
glet of a single defect. Isotope splittings on the sharp zerotesult.
phonon lines, with intensity ratios that matched the abun-
dance ratios of the naturally occurring Ni isotopes,
conclusively identified a single Ni atom as part of the This study was performed using a single-crystal diamond
defect>® Uniaxial stress and Zeeman PL studies by Nazaresample on loan to Lehigh from M.H. Nazaa¢ the Univer-
et al® have led to the conclusion thé} the defect has trigo- sity of Aveiro, Portugal. The same sample was also used in
nal symmetry(ii) both the ground doublet and excited sin- previous PL-ODMR studies at Lehigh for which resonances
glet states have effective spirS=1/2, and(iii) the ground- associated with single-substitutional® Mnd substitutional
state levels associated with the 1.401- and 1.404-eWi~ were observed The sample was grown by Kanda using
transitions havd’, andI'ss symmetry(of the C;, double  a high-temperature, high-pressure method at the National In-
group, respectively, while the upper state common to bothstitute for Research in Inorganic Materials, in Japan. The

transitions isl'4. In these studies, the values of the lower  sample had been polished into a cuboid wi€i1], [0T1],
state of the doublet, determined from the Zeeman resultsind[loo] axes. Ni is introduced as a solvent catalyst in the
agreed approximately with thg values of the EPR study. high-temperature, high-pressure growth process of diamond.
Both groups of workers’ speculated therefore that the The concentration of the Ni-related defect associated with
1.4-eV optical transitions might be associated with thethe 1.4-eV band has been estimdtédm the strength of the
NIRIM-2 defect. absorption band to be>610'? cm™3, but the overall concen-
More recently theoretical studies by Paslovsky andiration of Niis unknown. The concentration of single substi-

Lowther,® using cluster calculations, showed that it Wasytional N was estimated to be on the order of*@m3.
possible to account for the 1.4-eV transitions as iatrshell

transitions for interstitiad® Ni* (although an inconsistency IIl. EXPERIMENTAL DETAILS
appears between the authors’ two publications as to whether
the lowest ground state B4 or I's ). Such a model had
already been shown by lIsoyet al! to account for the The experiments described here were all performed using
ground-state EPR properties of NIRIM-2. One surprising re-a tunable titanium:sapphire lasgoherent model 890 The

Il. SAMPLES

Experimental setup
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y IR,Lzlg,Le_aR'Ld' 2
absorption If we have e d, agd<1, andI3=1?, the relationship be-
dipole tween the defect's MCDA and the intensities of transmitted
operator light propagating parallel to the magnetic field can be ap-
(P+P,) | LH proximated by
PP R-H
) (PAP, ) o201y -
5 e MEDAT (I +1R)
/ R-H [In the actual experimental setup used, the magnetic-field
X direction was antiparallel to the light propagation vedtor
L-H In this case everything is the same, except that the circulation
of the electric-field vectors of the left- and right-hand com-
ponents of the light with respect to the magnetic field is
reversed from those appropriate to E(l.and (3). To cor-
A z L-H : EX sin(kz-ot) + Ey cos(kz-t) PRrop (. and(3)

rect for this, the signs of the measured MCDA signals were
observer A A reversed to obtain MCDA values consistent with the defini-
R-H :-Ex sin(kz-at) + By cos(kz-at) tion given in Eq.(1), for k||B. [In what follows, therefore, all
FIG. 1. Definition, in the laboratory system, of the circularly Of theé MCDA resullts, the theoretical treatment, and the dis-
polarized components of light and the corresponding electric-dipol€Ussion, will refer to the conventional setup withB.]
operator to which each couples in an absorption transition. The phase relationship between the oscillating circularly
polarized light produced by the PEM and its reference output
maximum linewidth specified by the manufacturer was 30uSed for the lock-in reference signal was determined by re-
GHz (120 neV). The incident light was first passed through MoVing the sample and inserting betyveen the detector and
a linear polarize(Polaroid, type HN2Rand then through a PEM an analyzer that passed only right-hand or left-hand
photoelastic quarter-wave modulatt®EM) (Hinds Instru- C|rcularly_ polarized light. With the proper phase adj_ustment
ments model No. PEM-90whose optical axes were placed the lock-in detector was then made to measure direlgtly
at a 45° angle to the axis of the polarizer, thereby creating !r- In addition to monitoring the difference betweén
circularly polarized light. The PEM alternated the circular @1d!r via the lock-in amplifier, the absolute intensity of the
polarization of the light between left- and right-hand polar-transmitted light, ( +1g)/2, was also recorded for use in
ization at a frequency of 50.2 kHz. This frequency was used@lculating the MCDA signal according to EG).
as a reference for a lock-in amplifier which measured

changes in the transmitted light intensity coherent with the IV. EXPERIMENTAL RESULTS
modulation frequency. The transmitted light was detected us- A Absorofi
ing a cooled Ge detectéNorth Coast, model No. EO-81VP - Absorption

The sample was immersed in liquid He in an Oxford In-  All of the measurements in the following study were per-
struments SM-4 optical cryostat with a built-in supercon-formed at temperatures of either 4.2 or 1.7 K, and thus only
ducting magnet and quartz windows. The sample wasransitions involving the lower-lying state of the orbital dou-
mounted, without an aperture-defining mask, in a 35-GHalet near 1.404 eV were observed. Shown in Fig. 2 is a
microwave cavity designed in the form of concentric ringstypical uncorrected transmission spectrunBat0, exhibit-
for optical access, allowing for both the MCDA and MCDA- ing these transitions. The absorption lines associated with the
ODEPR studies. For the MCDA-ODEPR studies, 70 mW oftwo most abundant isotopes:®Ni (67.76% and SNi
unmodulated 35-GHz microwave power from a Gunn oscil-(26.26%, are indicated.
lator was applied to the cavity, and changes in the MCDA The relative absorption of th&Ni isotope is approxi-
were monitored. To ensure that only light transmittedmately 25% of the incident intensity, thus satisfying the re-
through the sample was detected, a mask, smaller than thgirementad<1 leading to Eq.(3). The large amplitude

sample image, was placed in front of the detector. background oscillations are due to interference fringes asso-
The MCDA for an optical transition of a defect can be ciated with the cryostat windows. In order to suppress these,
defined a¥ a series of transmission spectra was taken at a variety of
magnetic fields ranging from 0.0 to 2.25 T and is shown in
Xmepa=(ar—ap)d, (1)  Fig. 3. The light propagation vector was parallel to the crys-

tal [111] direction. A separately run spectrumB#=0 T has
wherea| andag are the absorption coefficients for left- and been subtracted from all the spectra to remove the back-
right-circularly polarized components of light propagating ground oscillations. The positive signal seen for Bib0
parallel to the direction of an applied magnetic field, @id  spectra therefore represents the absorption that is observed
the thickness of the sample. The definitions of the circularfor zero field and is not part of the weaker higher-field nega-
components are given in Fig. 1. The right- and left-handtive absorption signals, which arise from the Zeeman-split
circularly polarized transmitted intensitiely and|l, , mea-  components.
sured by the detector depend upon the incident intensities It should be noted that small shifts of the driver control-
produced by the PEM,% and1?, according to ling the laser frequency occurred during the experiment.
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FIG. 2. Transmission spectrum showing the absorption of the 0.00 1o0.007
two most abundant Ni isotopes. The large background oscillations ~ ¥+¥" R A=< 20 U A U
are interference fringes associated with the cryostat windows. 1.4032 1.4036 1.4040
These shifts were corrected for by comparing the interfer- Energy (eV)

ence fringes on the edges of the uncorrected spectra and then
translating them horizontally so they all were aligned with
the reference scan. This correction has also been used wh
necessary for the MCDA spectra of the following sections.ity
Also, the monochromator used to determine the lasing en-"
ergy was accurate to only about 1.5 meV, the full scan width
of the spectra shown. Therefore, for all of the data presentedor the absorption spectra of Fig. 3. The absorption signals
the zero position of the energy scale has been calibrated tare strongly left-hand or right-hand circularly polarized,
matching the ZPL energy of th&Ni isotope aBB=0 T with  causing the large MCDA signals. Shown in Figs. 5 and 6 are
the corresponding energy previously reported in the absorpZeeman MCDA spectra for the magnetic field along crystal
tion spectra. [100] and[011] directions, respectively. The background
The two relatively strong positive lines at 1.403 @V interference fringes were relatively small in Fig. 5 and a
and 1.40358() eV are the zero-field positions of tiNi  reference subtraction was not necessary. It was performed,
and ®Ni isotopes. The two isotopes are well resolved with ahowever, for the data of Fig. 6 .
zero-field splitting of 0.176.0) meV, which agrees within An intriguing observation can be made fBr|[011] at
experimental accuracy with the value reported by Ref. 6. Th&s—0 0 T. Weak, but nonzero, MCDA signals are observed
full width at half maximum(FWHM) linewidths,=50(10) for the 5Ni and ®°Ni isotopes whose spectral shapes and
neV at T=1.7 K are substantially narrower than those evi-yqsitions are identical to the overall absorption lines, indicat-
dent in the figures of Ref. 65100 neV). Since the absolute jny there is an apparent residual MCDA at zero field, an
linewidth of the laser is not known<(120 ueV), S0 ueV'is | neynected result. Also the signs of these nonzero signals at

an upper limit to the true linewidths of the transitions. Also 1.7 K were found to be opposite those at 4.2 K. The presence

qbserved are weak_er, negative s_|gnals associated with trang)lf a small, residual magnetic field does not give an adequate
tions between the individual spin states of the ground an . o O it
explanation for this finding, and currently it is not under-

excited states whose degeneracies are removed in the pres- - - .
ence of the magnetic field via the Zeeman interaction. Thes ?OOd' This “zero-field” MCDA _S|gnal was removed from
the B=0.0 T reference scan prior to being used for back-

will now be studied more closely via MCDA in the follow- N
ground subtraction in Fig. 6.

ing section. Rl
The data shown in Figs. 2—6 were measured at 1.7 K, the
B. MCDA lowest spin state of the ground manifold being predomi-
: nantly occupied at the higher magnetic fields. In order to
The corrected Zeeman MCDA spectra of Fig. 4 wereobserve also the MCDA signals from the higher spin state, a
measured for the magnetic field along the crygidll] di-  study at 4.2 K of thg 100] and[011] data was also per-
rection. AB=0 background subtraction technique has beerformed. Shown in Fig. 7 are the spectraBat2.25 T taken at
used to remove interference oscillations, similar to that usethe two temperatures.

FIG. 3. Transmission spectra at selected magnetic fields for
Mlll] after subtraction of th&=0 spectrum to remove the in-
erference fringes. The spectra have been shifted vertically for clar-



5420 P. W. MASON, F. S. HAM, AND G. D. WATKINS PRB 60
LA LA L NN D DL L DL L B DL DL AL B L L L L R )
0.0 - o Pt < 0.00 —— -+
a: ' Ni ”““GONi 58Ni 0.0T J J NI ",5?“
-0.2 4 -—- a: GONi omid Ly M <. -0.15 fin
] S 0.25T | | i
044 ——b-d:"Ni -0.30 . 5
|| b-d: “Ni 0.50T | 1 W
0.6 ) . -0.45 bl
0.6 ] 0.75T | . PN
i} - - -0.60 P
’c"? 0.8 ] 1.00T | ] Vﬁ(\
. -0.75 A
c:% 1.0 . " 1.25T | ; VA /
o . tonn < -0.90 i A
o 12 ] i 1.50T | o . i \/ J
= 14 e . S 105 RS ANN
] ! 1.75T | 1 / l\\ /l
< _ ek Y -1.20 sk o
DN} i Vo RS R A O
SN i -1.35 / '.
= 187 "V7MW 2257 - / b WZ.ZST_
=0 WD) ] e A
u P
o [oa) @)\ ow) resdr 17 ke A
4 ]1T=17K Wl+) O+ -1.80-B |1 [100]
% LD PP S —
L N LA B I 1.4032 1.4036 1.404
1.4032 1.4036 1.4040
Energy (eV)

Energy (eV)

) FIG. 5. MCDA spectra foB||[ 100] compared with best-fit lines
) FIG'_AT' MCDA spectra TOBH[lll] compared W'th the MCDA calculated using thg tensors of Table I. The labelings follow the
line positions calculated using the bestgfiensors given in Table I. convention described in Fig. 4.
The B=0 MCDA spectrum has been subtracted from each to re-
move interference fringes. The labelings of tiNi isotope lines
represent the loweK}) and upper{u) energy Zeeman-split levels of
the ground(unprimed and excited(primed states in the optical
transitions.

2. Spin Hamiltonian fit of the [100] data

What follows is a fit of the Zeeman data of Fig. 5. For a
defect of trigonal symmetryas has been determined by the
previous PL stress wotkthere are four distinct orientations
with primary axes along crystdlLl11) directions. These four
_— _ ) . axes are labeled—d in Fig. 8. For the magnetic field applied

The equilibrium population of the Zeeman-split spin 4100 the crystal 100] direction the Zeeman spectra of the
states in the ground manifold is given by a Boltzmann disoyr orientations will superpose since they share the same
tribution between them. Inducing microwave transitions be'angle, 54.7°, with the magnetic field. This simplifies the
tween two spin states, at a rate comparable to the spin-lattiGgentification of the lines with the transitions between the
relaxation rate between them, will cause their population difindividual spin states. The assignment of an effective spin,
ference to decrease, and a change in the MCDA intensity of=1/2, for both the excited and ground states produces four
the optical transition from each will occur. The change will optical transitions for each isotope. The spectrum taken at
be either an increase or a decrease of the MCDA intensity2.25 T shows two dominant negative signals of approxi-
depending on whether the optical transition is from themately equal intensity. At this field the populations of the
upper- or lower-energy ground spin state, respectively. Atground-state spin levels have a Boltzmann population ratio
tempts to measure such MCDA-ODMR signals by holdingof =6:1, assuming a value af~2. In addition, the®®Ni
the laser frequency fixed and scanning the magnetic fielisotope has a larger intensity by a factor of 2.6 over i
were made. The measurements were difficult because ttigsotope. Therefore the two large signals can be safely as-
extremely narrow absorption lines moved as the magnetisigned to the transitions between the lower spin ground state
field was changed. Measurement schemes, such as magnetd the two excited spin states of thR¥i isotope.
field sweeps for a series of laser frequency steps, were de- The reduction in intensity of these two signals at higher
vised to help alleviate this problem. No MCDA-ODMR sig- temperaturess; and s; shown in Fig. Ta), gives further
nals were observed, but they might have been missed. lavidence that this is the correct assignment. The les,,
addition, however, an EPR transition for a defect vgith=0  and ss correspondingly grow in intensity, indicating they
is strictly forbidden for arbitrary orientation d8 (for our  arise from the upper ground spin stasg &nds, for the *Ni
experimental setup where the microwave field is perpendicuisotope;ss for the ®°Ni isotopg. Thus the equas;-s; ands,-
lar to B), so it may have been difficult to saturate the tran-s, energy splittings give the Zeeman splittings of the excited
sition, made weakly allowed only by strains in the crystal. state, the equas;-s, and s;-s, splittings give the corre-

1. MCDA-ODMR
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FIG. 6. MCDA spectra foB||[011] compared with best-fit lines Energy (eV)

calculated using thg tensors of Table I. The MCDA spectrum for
B=0 has been subtracted from each to remove the interference FIG. 7. MCDA spectra taken at temperatures of 1.7 and 4.2 K
fringes. The labeling convention follows that described in Fig. 4. for two field orientations witlBB=2.25 T.

sponding ground-state splittings, and the easily extrasted V. MODEL

s splitting gives the ground-state splitting plus the zero-field 1 .
isotope splitting. Using the Zeeman Hamiltonian, Isoyaet al.* suggested that the defect responsible for the

NIRIM-2 EPR center was the ground state of interstitial Ni
_ (Ni;") with a nearby vacancy or impurity responsible for the
H=pnsS g-B (4) e tri - ; 6
defect’s trigonal C3,) crystal field. Nazaret al.” concluded
for the ground {=gr) and excited (= exd) states, the shift that the optical transitions they observed were between a

of the four Zeeman lines from their zero-field positions be_ground doubleE state(split via spin-orbit interactionand
come an excitedA; state. The following model assigns the optical

lines to intrad-shell transitions of the Ni core, as first pro-
posed by Paslovsky and LowtheiThe nature of the ex-

1
AE:E[iggrigexc]MBB- 6) 3
[011]
Here theg value in either case is given by

0= co3 0+, i )2 ®

where 6 is the angle betweeB and the defect’s trigonal
axis. The measured values that result foB ||[100] are
given in Table I. A fit of the entire data set using these values
is included in Fig. 5. The close agreement with the fit con-
firms the assignments made. All of the MCDA lines are ob-
served throughout most of the magnetic-field range.

The[011] and[111] data are more complicated because,
for them, two sets of inequivalent orientations are present,
producing a total of eight lines for each isotope in either data FIG. 8. lllustration showing the four allowed orientatioas-d,
set. A model of the defect system will now be discussed twf a trigonal C,,) defect with respect to the cubic axes of dia-
see what insight can be gained before proceeding further. mond. The four trigonal axes are indicated with bold lines.

[010]



5422 P. W. MASON, F. S. HAM, AND G. D. WATKINS PRB 60

TABLE |. Effective g values of the ground and excited states
measured from the MCDA Zeeman data and our best-fit principal

values of theg tensors that result.
Best fit D
[011] [100] [111] - A

9eif(0=35.3°) Ge(0=54.7°) Ger(6=0°) g 0. b ;
excited  1.38(6) 2.03(6) <0.10 0 2445 "
ground 2.00(7) 1.23(15) 2.22(20) 232 O - “a

L. . . . . T

pected transitions, including the selection rules, will be ex- 58
plored in detail. T, Cs, SO

FIG. 9. Energy levels for théD state of interstitial 8° Ni*.
The effect of the cubicTy) and trigonal Cs,) crystal fields and
Nii+ in Si, according to Ludwig and Woodbqu,has an Spin-orbit interaction are successively illustrated, as given in the
electronicd-shell configuration of @° (D). This 2D state  Hamiltonian of Eq.(7).
(a single holg splits into doubly and triply degeneraeand
T, orbital states in the presence of the cubic crystal field 3
produced by the covalent charge distribution on the ligand Hel(°E)=— gAcl+2usS B 9
atoms. For Ni in Si the E state is lowest in energy; the
c_rystal field can be viewed as arising fr(_)m an effective POSi < used for th€E level. The parametera,, K, \, andk
tive charge of the four nearest Si neighbors, or negative

charges of the six next-nearest neighbors. This model is a&re the cubic crystal-field splitting, one-third of the trigonal

. S Crystal-field splitting within the?T, state, the spin-orbit pa-
sumﬁd Ito ble equa_llly \f/a“d f(_)r R:nn cIJllamlond. hat f rameter, and an orbital reduction factor, respectively. The
The level ordering for Ni is closely related to that found parameters coupling th&T, and 2E levels were allowed to

for neutral substitutional vanadium in SiC, a system WhiChdepart from those used in Eq®) and (9) due to covalency
has recently been explored by Kaufmaemal*® V2, when  eftects. The resulting interaction has the form

occupying the hexagonal substitutional gitee « site) in 6H

SiC, differs from the Ni system in diamond in two respects:

(i) V2 has an electronic configurationd3 (2D), (and, for He,(ZE,ZTz):—K’[Lz,— }L(L+1)
that reason, is referred to ag¢ Vby Kaufmannet al), (ii) it z 3
experiences a cubic crystal field of opposite sigs also (10)
observed for substitutional impurities in)Sirhese two dif-

ferences each cause an inversion of Ehend T, levels, and where the corresponding parameters are indicated with
thus the ordering of these two levels ends up to be the sanf@@imes.

for the two systems. In addition, Mexperiences a relatively ~ Shown in Fig. 9 are the level orderings, expected in our
weak trigonal field due to the lower symmetry of the 6H SiC case for Ni in diamond, developed by including successive

host lattice. Therefore the Hamiltonian usatbr \/g in Sic, terms in the Hamiltonian. The irreducible representations
used when considering the spin-orbit interaction are those of

H="Hr+Hc, +Hso.+Hz, 7 the_C3v double group. T_he spi_n—orbit and trigonal field inter-
v actions remove the entire orbital degeneracy of the upper

field term, and the other terms arise from the trigonal CrystaparameterK<O, has been chosen to place thelevel low-

field, the spin-orbit interaction, and the Zeeman interactionfESt in energy. This assignment was made from the PL stress

in the order listed. work of Nazareet al® In contrast with the Q system, the
Kaufmannet al2 expressed the Hamiltonian of E@) in ~ SPin-orbit parameters and\' have been taken to be nega-

a basis set whose wave functions are direct products of ofivé, appropriate for a singld” hole. _ » .

bital angular-momentum eigenstates appropriate+@ and The simultaneous presence of both a spin-orbit interaction

spin states oS=1/2. A coordinate system was introduced @nd & trigonal crystal field produces a second-order splitting

with x’, y', andz’ axes, oriented witlz’ along the trigonal 1N the groundE state giveff by

axis of the defect. The interaction within tHd, level was

then taken to be 4N'K'
E(ly) ~E(Ts9=—5—
C

A. Level scheme

+)\,LS+ILLBk’LB,

(11)

, 1
L2~ zL(L+1)

2

2
HeI(ZTZ) = EACI -K
as shown. The ordering shown in the figure corresponds to
+AL-S+ ug(kKL+29)-B, (8)  the assumption of negative values for bathandK’. The
principal values of theg tensors associated with the ground-

while state doublet are, for this ¢ statet?*3
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ANk 8K'K’ [~3(x?=y?)] underCs, symmetry operations around the
g=2- A, A, (120 7 ([111]) axis** In Eq. (16), T; then denotes the states
g, =0, T2)=(T26) %[ To€)/V2=|E'*). (21)
with respect to the' axis, and, for thd", state, The g factors for the lowed", state of2T,, as given by
o L Eq. (16), are then found from the Zeeman term in E8). to
_ L, Ak 8K'K be given by
9= 2— A + A (13
c c _ 2_Kh2)\_ 2
gH—Z(a b%)—2kb?, (22)
AN'K'
9. =X g, =2a?—2./2kab,

where we omit corrections from coupling to tR& ground
state. For thd s ¢ state of?T,, including these second-order
corrections as in Eq.12), we have

The energy of thd’s ¢ state which derives from the upper
T, level in Fig. 9 is found from Eq(8) to be

1
—_Kk_Z 4AN'k" 8k'K'
Cc Cc

to the accuracy of omitting second-order effects of the cou-
pling (10) to the 2E ground state, and we have omitted the g, =0.
cubic field energy A./5 in writing Eq. (14). To the same
accuracy, the energies of the t@iq states from?T, are B. Development of selection rules

1 1 3 A2 1 ) 12 1. Character of the transition

E(Ta)=3K+ Z)\i{(EK_ z) *2* (19 The lifetime of the 1.4-eV luminescence has been mea-

. sured to be 33 n¥. This short lifetime and the strong absorp-
Of these states, the one with the lower energy has compqyy signals indicate that the transitions are electric-dipole
hents allowed. This type of transition cannot occur between the
pure states of d-shell due to the parity selection rule. There-
fore there must be mixing between tllestates and other
states of odd parity. Recognizing that, in the tetrahedral sym-
IT,B)=alA;,— 3)+b|T; ,+ 3), metry of the interstitial site, th&, level has the same sym-
metry as orbitalp states, we see that the crystal field may
mix in somep character by interaction with higher-lying
a=cosy, (17) states. _Altern.ativgaly, odd-parity states might mi>§ in via 'hy-
bridization with ligand wave functions. Either interaction
b=—siny, would make the transition electric-dipole allowed.

IT,a)y=alA;,+ 3)—b|T3,— 3), (16)

where

and 2. Selection rules

N2 Selection rules for transitions induced by circularly polar-
_ (18)  ized light between théE and °T, states of Fig. 9 are easily
“K=Z) obtained. In trigonal symmetry, using a right-handed coordi-
2 4 nate systenx’,y’,z’ with z' along the trigonal axigtaking
x",y',z' along the[112], [110], and[ 111] with respect to
the cubic crystal axes cited previouglye have for the non-
zero matrix elements of the componerg *iP, of the

In Eq. (16), the notation+ 3 designates spin states quantized
with respect to the’ axis, whileA; denotes the orbital sin-

glet state o : .
electric-dipole operator between orbital states belonging to
|AD = (| T8+ Toam) +|T20N/V3, (190 the E and A, irreducible representations of th@;, point
rou
where|T,£), |To7n), and|T,{) are theT, states transforming arotp
like yz, zx, andxy with respect to the cubic axesy, z (z’ (E' =[Py FiPy|EF)=c,, (24
is in the[111] direction in this axis systemThe other two
T, states <A1|PX/IiPy/|Ei>=Cl.

_(_ _ Here, as indicated in Fig. 1, the positieegative sign in
T,60)= T Top)+2|T /6, 20 i :
[T20)=(=[T28) = [Tom) +2T20))/ V6 0 e dipole operator corresponds to l&fght) circular polar-
T.o= (T8 — T > ization of light propagating along the’_ dlrectlpn, and
[T26)=(IT26) = T2nD)/ V2, |E+) and|E—) denote states defined as in E2) in terms
comprise the orbitaE’ doublet derived fronT, in trigonal  of the componenttE §) and|Ee) of any pair ofE states. The
symmetry(Fig. 9 and transform exactly as do the ground- upper(lower sign of = or = must be taken consistently in
state doublet component& ) (~2z°—x?—y?) and|Ee)  each matrix element of E¢24). All other matrix elements of
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e [E+, +%2) L along the trigonal axis. These will be included in the analysis
B [E-, %oy S8 of the MCDA data in Sec. VB.
24— __ ._i_ ________________________ |E'-, +2) . .
T2__ ._:I___II ______________________ [E+, %) | 3. Off-axis absorption
P A The selection rules given in Fig. 10 correspond to transi-
e _':'_'_‘_‘IL'_ Ty : A +1 /:)) . tions involving circular components of light whose propaga-
P ? ! v tion vectork is along the trigonal axis of the defect. How-
i . ! ' ever,k, defined parallel ta andB in the laboratory system,
Y P ' ! is generally at some angkto the defect’s trigonal axig’,
@ v ! p —— (P,-P) the sense of which is to be chosen so thiahas a positive
- P i boomeee- (P + P, component alond® and therefore ha# in the range 86
b : ! <m/2. The operatorP,*+iP, in the laboratoryx,y,z axis
v ' i system may be expressed in the defect’'s axis system as
b , : b iip (cosetl(P Lip )+c05011(P P
! ' ! : sl | =\ — r ’ s —— | ’
- i : E-, +15) Y 2 X Y 2 X y
) ; : E+, ) s
E i i i *ip
' E E+, +14) +P, sing|e='?, (25
. [E-, %)y s

wherep is a phase factor determined by the orientation cho-
FIG. 10. Diagram of the allowed circularly polarized transitions sen forx andy with respect to the’,y’,z’ axes. The MCDA
between?E and 2T, states of the Ni ion in trigonal symmetry signal measured for a transition from the initial stabg, to

obtained from the selection rules 8%, *iP,. given in Eq.(24). the final stateW;, in the laboratory systenk({|B) is given
The + and — designation of individual states denotes the value off,qm Eq. (1) by

the associated spin componeyt = = 1/2 along the trigonal axis.

The splittings and wave functions indicated for the tigg levels (ag—a ) d=D (WP —iP,|¥)]?
and thel', level derived from the’E ground state correspond to Y
their Zeeman split states in a magnetic field of arbitrary direction — (W PX+iPy|\Ifi)|2), (26)

that has a positive component along:;’. However, for clarity in
illustrating the selection rules, the two excit€d states are indi-
cated as they would be in the absence of spin-orbit admixing, or o
mixing of their S,,= +1/2 states due tg, #0.

whereD is a positive constant. Using E(5), we can re-
guce Eq.( 26) to

(ar—a)d=D cosO([(W|Py —iP /| W)[?

P, +iP,, are zero[If we approximate the state’s; andE'’ — WPy +iPy W) (27
as in Eqgs.(19) and (20) solely in terms of a triplet state [Equation(
belonging to the representatidn of T4, and if the stat& is
similarly taken as belonging to the representation oTy,
then the two parametergandc, in Eq. (24) may be shown
to be equal. The presence of the trigonal field could, how
ever, alter the odd-parity admixtures to the states, causing
andc, to differ.]

The ?E ground state of Ni in tetrahedral symmetry splits
in a trigonal field into two Kramers doublets, andI's g, as

27) omits a possible contribution to the MCDA
from the P,, sind term in Eq.(25). SinceP,, transforms as
A; underC,;,, this term does not contribute for transitions
betweenl's c andI’, states, the case that we will conclude is
Televant for the 1.404-eV transition of interest in this wark.
With off-axis absorption, the MCDA is therefore reduced in
magnitude by the factor cdsbut retains the same sign as
found with B along the trigonal axigsince we have & 6

. ; . ) ) ) ; <7/2).
given in Eq.(11), when spin-orbit and trigonal-field coupling - e yota) ansorption for the corresponding transition is
to 2T, is included. If we ignore the corresponding small given by

correction to the wave functions, these two doublets com-
prise the state$E+,—1/2), |E—,+1/2) (I',) and |[E+, D
+1/2), |E—,—1/2) (I'sg), which from Eq.(24) yields the d= E(|<\Iff|PX—iPy|llfi)|2+|(\Iff|Px+iPy|\Ifi>|2),
selection rules folP,, =Py, given in Fig. 10. Becausg, 28)
for these two doublets is either exactly zeilosE), or very

small (I';) according to Eqs(12) and (13), their first-order  which, to the same approximatidignoring theP,, term),
Zeeman splittings are due only to the component of a magwith Eg. (25), becomes

netic field along the trigonal axis. With this component taken

CYR+ ap
2

to be positive B-z'>0), the lowest-energy component of agta E . 5
each doublet haS, = —1/2, independent of the orientation 2 d= 4 {(coS 6+ 1) (W [Py —iPy W)
of B, as indicated in Fig. 10. In drawing Fig. 10 to exhibit the ) 5
selection rules, we have ignored for clarity the spin-orbit (W[ Py+iPy V)9

mixing of the two excited", levels from the?A; and %E’
components ofT,, as given in Eqs(16)—(18), and also the
admixtures of theilS,, == 1/2 states whemB is not aligned X(W¢| Py +iPy [ ¥i)* +c.c)}, (29

+(coS 60— 1)((W¢| Py —iPy/|¥;)
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[111] [011]  [100] et al! and Nazareet al® for the ground and excited states,
| | | respectively. Ouig values agree with theirs within experi-
250f-L-C- LI T TTTT T T mental error.
Isoya, et al. (EPR) In particular, thg 100] and[ 011] data agreement with the
oos [ ground state & excited state estimates of Nazateal. appear generally con-
sistent also with their estimate @j~0. An independent
demonstration that this unexpected result is indeed correct
200 e AN A T n can also be obtained from the relative intensities of the
Nazare, etal.(PL) §  \\CDA transitions. As can be seen in Figs. 5 and 7, with
excited state " .
1754 - \f - ~ BJ|[100], the two transitions from the lower ground spin state
have the same sign but additionally have approximately
1850 oo oo N\oooll_ . equal amplitudesAs we will now show, this requires that
° g;~0 for the excited state.
Sysd /N _ _Expressing Eq(4) in the x',y’,z" defect axis system,
g with B in the x’z’ plane, we have for the effective spin
o 100 Hamiltonian for the excited state
H=ugB[g, Sin0S, +g;cosdS, . (30
0781/ ¢= = 'g‘r;u‘n;;t;te' """""""" N The. va_luegL_ _=2.5 for the excited state ungmbiguous!y rules
O excited state out its identification as th&s ¢ state, for which, according to
050 -----f-----mmmm oo Eq. (23), and proven more generally in Ref. 1@, is rigor-
ously zero. The excited state must therefore bié,astate,
oesh-- /N consistent with the level ordering given in Fig. 9. As a result,
| upper estimate of limit Eq. (30) leads to the eigenstates
——Qf <" from intensities
0.00- R A S RS S A | W) =sind|T 4a)+coss|T ,B), (31)
6 (deg) | W,y =—cosd|T 4a) +sind|T48),

FIG. 11. Measured values at the three orientations relative to IN terms of the states of E16), where
the defect trigonal axis that were studied. The solid lines represent
the g tensors determined previously by Nazateal. (Ref. 6 and c0S 25— — g cosé
Isoyaet al. (Ref. 1) for the excited and ground states, respectively. - \/gf Sir? 9+gﬁ cofp

(32

where the cross term, which vanishes for the MCDA, Eq To relate cos 2to the MCDA, we evaluate the latter from

(27), must be retained. Eq. (27) for the transitions from the lowest Zeeman level of
the ground state to the two statdls;; andWV;,, of Eq. (31),
using Eqgs.(16) and(24), giving if the ground state i¥'s g,

VI. COMPARISON WITH EXPERIMENTAL RESULTS

D
(ag—ay)d=— —cos#{a’c?—b?c3+ (ac2+b?c3)cos 25},

A. g-value determinations 2

We are now prepared to return to th@ll] MCDA re- (33)
sults. In that case, the propagation directiois perpendicu- or, if the ground state i§'4,
lar to thez’ axes of defects andd in Fig. 8. For them, b
#=90°, andtherefore Eq.(27) reveals that they produce (ap—a)d=+ —azc"{(licos 25). (34)

zero MCDA. The analysis is therefore simplified in that only 2
the two equivalenta and b orientations give rise to the

MCDA signals. Further, at the highest field only their o with that to,,. For either of these two possibilities,
lowest-energy ground spin state will be thermally populatedg g4 intensities for the two transitions requires cés@,

In analogy to theg 100] fit in Sec. IVA2, the two largest corresponding to equal admixtures [#f,a) and |[I'48) in
signals of Fig. 6 are therefore assigned to transitions from thgach zeeman-split level, and from BE82), this requiresy
lowest ground spin state of téNi isotope. The temperature —0_(In the next section, it will be possible to establish an
dependence of Fig.() shows the intensity of the two peaks ypper limitg;=<0.10)

to be reduced at higher temperatures, further verifying the Therefore, having confirmed in this way that, for the ex-
assignment. The energy splitting betweghands; is as-  cited state,g;~0, the largest intensity single peak for the
signed to the excited state, while that betwegnand s; [111] data of Fig. 4 can now be identified as belonging to the
belongs to the ground state. Effectigealues, using Eq5), superposedll)|I"), |1)|u’) transitions for the defect orienta-
were calculated and are included along with[the0] data in  tion aligned alongB, the splitting of the upper state being
Table I. Shown in Fig. 11 is a plot of these values versus theegligible. The shift from the zero-field position therefore
dependence predicted with the values reported by Isoyprovides a direct measure of the ground state valug of

In each, the+ sign goes with the transition td¢,, the —
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which is also included in Table | and Fig. 11. The best fit tocomponent, which, as can be seen in Fig. 5, is free of over-
our experimental data points yields excited and ground stat@pping transitions, we obtain for the ratie0.7, which is

g tensors that are also included in Table |. The resultingeduced only slightly from the unadmixeth€0) value of
Zeeman dependencies compared to [tB&1], [100], and  /3/2=0.866. This givescab?/c2a®~0.1. To be consistent

[111] MCDA data are shown in Figs. 4, 5, and 6. with the valuesa=0.81, b= —0.59 requires,/c,~0.45.
We are now prepared to make an upper limit estimate for
B. Identification of the transitions g in the excited state. If we allow a smadbo difference
between the intensity of the two MCDA signals, E&3)

As established in the previous section, the valgges
=2.5, g|=~0 for the excited state identify it as g, state,
consistent with the level ordering given in Fig. 9. From Eq.

(22), we find that thesey values can indeed arise for the |cos 25|$(i
lower I', state ifk=0.89, giving for the admixture coeffi- 100

gf;éfc?e;g?rl]'tga_gg\i grl?(m Egs(17) and (18), these We estimate from th@100] results, Fig. 5, that the intensi-
: 9 T . ties of the two well-resolved lines are equal withir 7%.

The sign of the experimentally observed MCDA transi- With c2b2/c?a2~0.1, this givescos 29<0.03, which with

tions is negative. Therefore, the ground state canndf he 2= Tl _a gives AN -

because the MCDA predicted for it is always positive, asEq' (3_2)’ glvesgu\p.lo, which is an even I_ower limit than

given by Eq.(34). The ground state is therefore unambigu-f[hat given by Nazaret al. .(SO‘18)‘ This estimate has been

ously identified to bd'ss, as indicated in Fig. 9, and Eq. included in Table | and Fig. 11.

(33) is appropriate for the Zeeman-split optical transitions.

With cos 25=0, the result whei departs from the defeat VIl. DISCUSSION

axis, this reduces for the transitions to

leads to
|a?c?—b?c)|

—_—. 38
2(a%c3+b?c3) 38

Our MCDA studies have therefore independently con-
D firmed in detail the conclusions of Nazaet al® that the
(ag—ay)d=— —cosb(c?a?—c2b?). (35  1.404-eV transition is from a grounds g state to al’, ex-

2 cited state inC5, symmetry, and they have also confirmed
the g values that were estimated for the two states. Expand-
ing upon a treatment by Paslovsky and Lowtheve have
shown further that all of the general experimental features
can be explained satisfactorily as arising from internal tran-

A similar calculation for the total absorption of each tran-
sition, using Eqs(16), (24), and(29) gives

art aLd: E{M(C§a2+ c2b?) sitions within the @° configuration of the interstitial Ni
2 2 4 ion as perturbed by the cubic and trigonal crystal fields and
1—co2 0 spin—orbit interaction. The level ordering is illustrated in
+—————c,Caby, (369  Fig. 9.
2 We have also shown that the unusggplalues for the

where the+ sign depends upon which of the excited-state€XCitedI's state can be explained by spin-orbit-induced ad-
Zeeman-split states is involved. Bt=0, where all four tran-  MIXtures between it and the oth&, excited state. As op-
sitions between the Zeeman-split ground and excited statd¥Sed to the rigoroug, =0 result forl's 5, the g ~0 result
superpose, as do the contributions from the four equivalerfor the I’ state is purely accidental. It results from the for-

defect orientations, the complex angular dependence disafitous relative magnitudes for the spin-orbit parameter
pears and Eq36) simplifies to and the trigonal crystal-field parametks; i.e., A=3.1&K.

The required admixtures,=0.81 ancb=—0.59 in Eq.(16),
arta D, 5o are, in turn, consistent with the magnitudes of the observed
5 d=47(ca”+cob%), (37)  MCDA if the optical matrix elements to the AX{) andE’

(c,) excited states are different, with /c;~0.45. Since the
where the factor of four includes the contribution of the fourexistence of finite matrix elements between these states re-
differently oriented defects. sults primarily from small admixtures of odd-parity states

From Eq.(35), it is clear that the admixture coefficieht outside of thed manifold, this implies that the degree of
required to obtairg =0 introduces a component of the op- admixture is significantly affected by the trigonal component
posite sign to the MCDA, reducing its magnitude. This there-of the defect symmetry.
fore provides an additional test of the model. In making this Let us therefore further explore how well the simple
test, we experimentally estimate the ratio of the MCDA sig-crystal-field model works in describing tH& ground state.
nal for a particular transition to the unsplit absorptionBat The measured separation between Iiiig andI’, levels of
=0. We compare this to the ratio of E¢35), properly  2E, 22.4 cm !, together with the value for the cubic field
weighted for the Boltzmann occupancy of the groundsplitting Ac~11300 cm?, yields from Eq.(11) a value for
Zeeman-split state of the transition and the number othe product\’K’~+63200 cm 2. Were we to assumg
equivalent orientations, to Eq37), and solve foc%bzlcfaz. =\', appropriate for a pure crystal-field model without co-
For this comparison, we take the experimental results fowalency, andK=K', these values fox'K' and\/K would
B[[100], where all four defect orientations are equivalent,enable us to evaluata=\'=—-446 cm ! and K=K’
thus avoiding errors due to possible preferential defect align=—142 cm 1. This is certainly a reasonable value for

ment. Using the MCDA magnitude of the high-energy splitwhich for the free Ni" ion has a value- 603 cm™*,'® while
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the value forK’ represents a weak trigonal field. proposed by Schet? and Telahunet al® in the case of
There are problems, however, when we attempt in thi<Cui?™, another 8° ion, in various II-VI hosts.

simple model to interpret the published experimental values In order to help sort out these finer details, it would be

g)(I's 9 =2.3285 andg(I';)=1.62 for the two spin-orbit highly desirable to establish the transition energies to the

levels of the?’E ground staté:® From the sum and difference other two excited states. Unfortunately, however, sharp ad-

of these values, using Eq$12) and (13), we obtain\’ ditional zero-phonon transitions that could be assigned to
=473k’ cm~ ! andK’=—-502k’ cm~ . The positive sign these transitons have not been reported. With
of N is clearly unacceptable, being inconsistent withdfe ~~ —440 cm?, and A =3.14&K, Egs. (14) and (15) predict

character of the Ni ion, the observed level ordering in the for the crystal-field model the positions of the upperand
ground and excited states, and the positiV&’ product T's¢ excited-state levels to be at760 and~920 cnmi?t
given by Eq.(11). Because the value f@j(I's ¢ is known  above the lowed’, level, respectively. The transitions to
accurately from EPR measurements, it appears that the difhese states would therefore fall in the region where strong
ficulty may lie with the value fog(I'4), which was deter- one-phonon-assisted structures to the main 1.404-eV line ex-
mined from difficult optical Zeeman experiments and forist. The failure to detect them could result from the coupling
which no estimate of accuracy was given. For example, &f these states to the one-phonon excited states of the lower
value for g(I's) =2 would give N’ =—464k’ cm ! and T4 level, which could serve to severely broaden them.
K’=—232k’ cm™!, again reasonable values, although their
product would then exceed that estimated from @&d) for
the level splitting. In fact, it is not possible simultaneously
satisfy Egs.(11)—(13), except in the narrow range 1.67  The conclusion of Nazaret al® that the 1.404-eV optical
=<g|(I'y)=1.79, which, with g (I'y)=1.79, gives \’ transition is from a ground's ¢ state to al', excited state
=—167k’ cm™ !, K’'=-380k’ cm %, and requiresk’ of Ni* in C5, symmetry has been independently confirmed
=1. There is no requirement, of course, that\’, or K by our MCDA studies, as have thg values that they de-
=K', so such a reversal in relative magnitudes from theduced for the two states. We have shown that the general
N K=23.14 result for the excited state is possible. Even in thdeatures of the optical spectrum are explained satisfactorily
pure crystal-field modelK and K’ depend upon different as arising from internal transitions within thel3configura-
combinations of the averagés?) and(r*) of the electron tion of interstitial Ni" ion as perturbed by the cubic and
radial distribution on the Ni iod? while A\ and\’ can differ ~ trigonal crystal fields and spin-orbit interaction. We have
if covalency is important. However, in diamond, with its demonstrated in particular that the unusgatalues found
large band gap, and the small spin-orbit parameter of the ho$or the excited, state can be understood within the crystal-
carbon atom, such covalency contributions are expected tiield model with reasonable values for the crystal-field and
be small, and such a large reductionih from the free ion  spin-orbit parameters. Detaileguantitativeagreement with
value of —603 cm ! is unexpected. In fact, covalency ef- the ground-state values has not been achieved, however.
fects might normally be expected to make’|>|\|, as  This presumably reflects the need to include other minor
found for the vanadium ion @) in 6H-SIiC in the analysis contributions such as can arise from including states outside
of Kaufmannet al,'? not the reverse. of the 3d° manifold.

Therefore a detailed and fully acceptable quantitative fit, Note added in proofG. Davies(in a private communica-
including, in particular, the values and level splittings, does tion) has kindly reanalyzed the results of Ref. 6, and con-
not appear possible within a simple pure crystal-field modetludes thatg,(I';))=2 is well within the accuracy of their
alone. In particular, in our treatment, contributions to the data. The principal failure of the simple crystal field model
values and level splittings arising from states outside @iz 3 may therefore be in accounting for tH& splitting, as pro-
configuration of Ni* have not been considered. Also, vi- Posed by Schet? and Telahurt?
bronic effects have not been considered, although we believe
them to be small in this case. As noted above, quite small
shifts in the experimenta) values can significantly alter the
values of\’ andK’ deduced from Eqg912) and(13). Con- We gratefully acknowledge the important roles of H. N.
versely, small additional contributions to these equationdNazare who loaned the crystal to us for the study, and of H.
would have the same effect, and it is quite possible therefor&anda, who initially grew and supplied the crystal to her.
that such corrections are necessary for a quantitative fit. InFhis research was supported jointly by the National Science
deed Paslovsky and LowtHehave proposed that mixing Foundation, Grant No. DMR-97-04386, and the Office of
with the 4p states of the Ni ion may contribute significantly Naval Research, Electronics Division, Grant No. N00014-
to the splitting of °E, and such corrections have also been94-10117.
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