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We report optical absorption and luminescence measurements on the 1.4-eV center in diamond. We show
that the zero-phonon lines have a temperature-dependent Ni-isotope shift, that the isotopic shifts induced by
carbon and nickel are opposite in sign, and that a local vibronic mode is present in the absorption spectrum but
not in luminescence. The microscopic properties of the center are successfully analyzed with the Ludwig-
Woodbury theory(LWT), revealing that the Niion in the 1.4-eV center only weakly interacts with the
diamond lattice. The importance of vibronic effects in the LWT analysis is experimentally demonstrated. It is
believed that similar effects can account for the discrepancies previously encountered in modelingibther 3
impurities in semiconductors.
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I. INTRODUCTION Those three states have been thoroughly characterized by

During the last decades there has been a strong interest fPR (Ref. 6 (NIRIM2  centej and magneto-optical
Ni-related point defects in diamond, which can be explainedechniques:"® As a result, spirS=1/2 wasassigned to all
by the following reasons. those states, and the associatgedactors werededuced as

(1) Most synthetic diamonds are grown by the high-9gr1y=2.3295), Ggr1,1 <0.18 ggr2=1.932);% gey<0.017
pressure high-temperatu@PHT) technique using a Ni- Jeq, =2.51).”
containing metallic catalyst. Surprisingly, despite the cova- A remarkable property of the 1.4-eV center is that it is
lent radius of Ni being 57% larger than that of carbon,exclusively incorporated into thélll) growth sectors of
dispersed Ni atoms are efficiently incorporated in diamond4PHT diamond, and that within thgl11] sector, most de-
producing a large number of optical and electron spin resofects are aligned parallel to tH&11] growth direction, but
nance(ESR) centers. Understanding their properties is im-not to the other equivalent trigonal axeBreferential orien-
portant both for science and technology. tation is observed for the associated NIRIM2 ESR center as

(2) The microscopic properties of transition metal related,q|| 6
defects in diamondas well as in other semiconductprén- In order to explain the unusual anisotropy of thealues

cluding the energy level structure and the values of the Zee;p the energy level structure of the 1.4-eV center, the LWT

man splitting factorg, can often be explained within the has been em : :
; : ployedThis theory successfully explained the
Ludwig-Woodbury theory (LWT). The important feature of 5ather UnusUal,, andge, values and the relative positions

this theory is that its application does not require advance . "
: . : . . f thegrl, gr2, andexl states. It also predicted the positions
theoretical training and is thus accessible to a wide range ogf the higher-lying excited statese andex3 (Fig. 1) as 1.50

scientists.

The most studied Ni-related center in diamond is the so- ex3, T,
called 1.4-eV system, which dominates the optical spectra of 21 /_iL
nitrogen-poor and Ni-rich HPHT diamordThis system is 2 bl . .
characterized by two zero-phonon lin€gPLs) at ~1.404 exi, T,

and~1.401 eV originating from transitions between an ex-
cited stateexd and two ground staterl andgr2 (see Fig.

1). Both lines are further split by-0.16 meV into multiplets,

in which the line intensities matéithe natural abundance of
the main Ni isotope$68.27% of*®Ni, 26.1% of*Ni, 3.59%

of ®Ni, and 0.91% of*Ni), thus revealing that the corre-
sponding defect involves one Ni atom. The uniaxial stress
technique applied to the 1.4-eV center revealed trigonal sym-

metry and assigned the symmetriése, I's, andT’, of the FIG. 1. Schematic diagram of ai3ion in a cubic crystal un-
Cy, double group to the grl, gr2, and exl states, dergoing different perturbations from left to the right; crystal
respectively Finally, a recent photo-ESR stuthgssigned field, trigonal field, spin-orbit coupling, and vibronic coupling. The
the 1.4-eV center to Niion in the center of a diamond latter is illustrated for a specific vibrational mode, coupling to
divacancy, where Ni is probably not bonded to the carborwhich affects differently the involved electronic states. The vertical
neighbors. (energy scale is severely distorted for presentation purposes.

free crystal  trigonal vibronic
ion field field + s-o0 effects
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and 1.52 eV above the ground stapel, and estimated the Sample A Sample B
Qgr2y Value to be in the range 1.67-1.79. However, further .
magneto-optical measurements yielded a rather different _
value ggr2=1.932),2 and the predicted excited state [111]
and eX3 have not been identified yet. Moreover, detailed
analysis reveals that the reported polarizations of the optical
transitions at the 1.4-eV centérare in conflict with the
deduced level symmetriéd. All those inconsistencies are
resolved in the present paper, where most properties of the
1.4-eV center are successfully explained within the LWT.

It has been noticédhat the properties of the 1.4-eV cen- ¢
ter in diamond are similar to those ofi3(or 3d*) transition
metal ions in solid4? such as V* in SiC, C«#* in ZnS, CdS,
Zn0O, BeO, GaN, and other semiconductors. This observation
has at least two important consequencés: the well- FIG. 2. Schematic drawing of @210) cross section of a typical
developed analysis of thel3configuratior'* can be applied HPHT diamond crystals showing the main crystallographic sectors
to the 1.4-eV center in diamond arii) understanding the and indicating the sites from which samples A and B were cut.
properties of the 1.4-eV center can assist modeling otbr 3
impurities in solids. In particular, it is recognized that the a linear polarizer. CathodoluminesceriGt) was excited by
LWT successfully predicts most properties @3ons in the  a 40-keV electron beam in a home-built setup equipped with
first approximation, but there remain deviations between tha nitrogen-cooled North Coast Ge detector and a nitrogen
calculated and observed valu@sSuch deviations are com- cryostat. PLE spectra were measured at 77 K with a 250 W
monly attributed to Jahn-Teller effeéfsand other alterna- tungsten halogen lamp and a double 0.5 m monochromator
tives are rarely considered. In this work, on the example ofn excitation and a single 0.25 m monochromator with a Si
the 1.4-eV center in diamond, it is experimentally demon-diode in detection.
strated that simple vibronic effects, which are not accounted
for by the LWT, and which do not necessarily imply presence
of Jahn-Teller distortions, can naturally explain some of the |1I. EXPERIMENTAL RESULTS AND PRELIMINARY
LWT failures. ANALYSIS

[110]

A. Optical features of the 1.4-eV center

ll. EXPERIMENTAL DETAILS . : :
Figure 3 presents optical absorption, PLE and CL spectra

A large number of HPHT diamonds have been studiedfrom the 1.4-eV center, all measured at 77 K. Rather impor-
but most results were obtained on samples A, B, C, and Dtant here is the PLE spectrum. It reveals that all the promi-
those samples should be considered as representative, butgnt features observed in the absorption spectrum, and
no means unique. Preliminary measurements revealed thatarked by numbers in Fig. 3, do belong to the 1.4-eV center.
the exact positions of the 1.4-eV lines depend on the strain iThere is a significant difference between the absorption spec-
the sample, which was revealed by the line broadeningtrum and the mirror reflected PL spectrum, however. As dis-
Therefore, samples with sharpest 1.4-eV lines were selecterlissed later, this difference mostly originates not from vi-
for this study. Sample A is f111]-oriented plate, laser cut Pronic or Jahn-Teller effects, but from extra excited states.

perpendicular to thel11] direction, as shown by the dashed
line in Fig. 2. Sample B is §110]-oriented plate, laser-cut
from the middle of a whole crystal. The 1.4-eV center in

samples A and B could be studied in a sinblgl] growth

sector, viewing along thgL11] (sample A or [110] (sample

B) directions(see Fig. 2 Samples C and D are uncut HPHT

crystals. Sample C exhibits the sharpest 1.4 eV lines. Sample

D is 100% enriched if*C isotope(natural abundance ¢fC

is 1.19%. The 1.4-eV ZPL lines, but unfortunately not the ]

vibronic sideband, in sample D were just strong enough for

absorption measurements. Therefore, the absorption from the 4 . ! ; - . .

vibronic sideband of the 1.4-eV center in sample D was re- 14 15 16 ‘-7E (ev1)'8 19 20 2t

corded using not a conventional absorption routine, but the

more sensitive technique of photoluminescence excitation riG. 3. Optical absorption, CL and PLE spectra from the

(PLE). 1.4-eV center in the HPHT diamond sample B, all recorded at 77 K.
Optical absorption measurements were performed with &he CL spectrum is mirror reflected relatively to the 1.404 eV en-

commercial IFS-66 Bruker Fourier-transform spectrometelergy. Numbers indicate the prominent spectral features discussed in

(resolution 0.03 meY equipped with a He flow cryostat and the text.

4 absorption

Signal (arb. units)
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(b) con || BNi FIG. 5. Optical absorption spectra measured at indicated tem-
=1 Ni peratures from samples @atural carbon abundancand D(100%
] difference x 13C). The multiplet structure originates from the Ni isotopic struc-
; ture (natural abundangeand the vertical dashed line merely assist
8 the observation of its temperature-induced shift. The spectra are
5 62 offselg for clarity.' Spectra for samples C and D are labeled?@s
% 12 K and~°C, respectively.
2 84p;
© /% K be different from the Ni isotope structure of the 1.404-eV
line shown in the same figure. The differences are caused by
1.400 1401 1.402 1403 wm the temperature dependence of the Ni isotopic splitting dis-
EeV) cussed late(Fig. 5), to signal noise magnified by subtraction

) ] of two weak signals, and to the strong absorption in the
FIG. 4. Optical absorption spectra measured at 12 and 7 K from 404-eV line necessary for this measurement.
sample B, and their difference multiplied by 4. Pa¢®lshows the

details of the 1.4-eV doublet for the wider range specttamNote

that the vertical scale of panéb) is ~10 timgs coarser thgn that of B. Ni and carbon isotope effects on the 1.4-eV center

panel (a). The narrow multiplet structure in panéb) originates o o

from the Ni isotopic structurénatural abundangeThe curves for 7 The Ni isotope splitting of both the 1.401- and 1.404-eV
and 12 K in pane(a) and right part of panelb) are undistinguish- ~ lines, shown in Fig. &), is only partially resolved in sample
able in this presentation. B. Better-resolved spectra, measured in absorption, in the

temperature range 5-50 K, are presented in Fig. 5. Thermal

Comparison of the absorption spectrum and mirror reflectedn® broadening precluded accurate measurements at higher
PL spectrum identifies features 1, 3, and 4 seen in absorptid§Mperatures. This figure brings an important and rather un-
at~1.46, 1.53, and 1.56 eV, respectively, as vibronic modeSual observation. Although both the 1.404- and 1.401-eV
and suggests that the doublet 2 at 1.501 and 1.513 eV arfi€s shift towards lower energies upon increase in Ni mass,
features 6, 7, and 8 at1.65, 1.72, and 1.8 eV, respectively, the shift is larger for the 1.401-eV line and ittismperature
are not of vibronic origin. dependenfor the 1.401-eV, but not for the 1.404-eV line.
The 1.4-eV center is associated with two ZPLs at 1.401 The top spectrum of Fig. 5 presents an absorption spec-
and 1.404 eV, and in the analysis of the vibronic sideband if'um from “C diamond. Because of the weakness of the
is important to identify each feature with a particular ZPL. absoeron lines in that diamond, the Z_PL doublet could only
This is especially important for feature 5, whose distance t&€ réliably recorded at 25 K. Comparison of the spectra of
the ZPLs is close to the 165 meV cutoff of the diamondFig- 5 reveals that the 1.401- and 1.404-eV lines exhibit dif-
phonon spectrum. This task is facilitated by Fig. 4. Thefer_ent behavior upon _carbon and Ni isotopic substitutions,
1.401-eV absorption line occurs from the upper ground staté/hich can be summarized as follows.
gr2 (Fig. 1. In the specific temperature range 7-12 K the () The 1.401-eV line shifts by 0.18 metat 10 K) to-
intensity of the 1.401-eV peak varies significantly while thatwardslower energies upon substitutiridNi for °*Ni, and by
of the 1.404-eV line remains almost unchanged. Therefored;07 meV towardsiigher energies upon substitutirigC for
by plotting in Fig. 4 the difference between the 12 and 7 K C-" . . .
absorption spectra, magnified by 4 to approximately equalize (i) The 1.404-eV line shifts towards lower energies upon
the ZPL line intensities, one can compare the vibronic sideincreasing either the carbcor the Ni mass. However, the
bands of the 1.401 and 1.404 eV lines. Rather importantlyShift is larger for Ni isotopic substitutiof0.165 meV than
Fig. 4@a) reveals that the 1.401 eV line is coupled exclu-for carbon substitutiorf0.10 meV) despite the smaller rela-
sively to a broad band centered-atl.5 eV, and not to the tive mass change for Ni60/58 than for carbon(13/12.
sharper features 1-(See Fig. 3. (i) The low-temperature value of the ZPL splittirg-
Note that the difference spectrum of Figb#texhibits a  creasesrom 2.77 to 2.78 meV for th€Ni/ **Ni substitution
Ni isotope structure of the 1.401-eV line, which appears toand decreaseso 2.57 meV uport*C/*?C substitution.
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FIG. 6. Absorption spectrum from the samplgB1%*°C) and
PLE spectrum sample [100% *C), both measured at 77 K.

The carbon isotope effect on the other absorption features :g

of the 1.4-eV center is demonstrated in Fig. 6. The analysis 3
of the corresponding spectra reveals that while features 6, 7, €
and 8(not shown do not significantly shift upon substituting g
13C for %C, features 2-5 move towards lower energies. The &
largest shift, of —-6.6 meV, is observed for the peak 5. §
©

C. Polarization properties of the 1.4-eV center 1400 1.402 E (eV) 1.404 1.408

Polarization properties of the 1.4-eV center were analyzed
n Sampl_es A and B using Ilght Iln_early polarized a_long or larized light in different polarization arrangements. Curve
perpendicular td111] growth direction. Representative ab- ) — o
sorption spectra are plotted in Fig. 7. The observed polarizg®—Sample B,[110] view, [111] polarization (along the growth
tions, together with the proposed assignment of the elecdirection; curve B—sample B[110] view, [112] polarization(per-
tronic transitions, symmetry of the involved phonon, andpendicular to the growth directigncurve C—sample A[111]
polarizations, predicted by the group thebrgye summa- view, any polarization in thg111) plane (perpendicular to the
rized in Table |. Several spectral features in Fig. 7 are polargrowth direction. Panel(b) shows the details of the 1.4-eV doublet
ized thus revealing that the 1.4-eV centers exhibit a preferfor the wider range spectruia)
ential orientation, however, most important is tt@mos)

ideal linear polarization of the doublet at 1.501 and : . Y N
1.513 eV. It reveals that the preferential polarization of thepolzinzed perpgndmular to tha11] groyvth 'd|rect|on. .
(ii) The previously measured polarizations of the intense

1.4-eV centers ignearly perfect. The lines at 1.501 and 9 . : .
1.513 eV, which from the temperature-dependence measur{agséTrsfmgéetrfg;tsége_rggio)ls'te to those predicted from the

ments have been shown to occur from gré ground state,

FIG. 7. Absorption spectra measured at 77 K with linearly po-

have the opposite polarisation to the 1.404-eV zero-phonon IV. ANALYSIS
line from that ground state.
Most spectrometers polarize the light they transmit. The A. Optical features of the 1.4-eV center
strong polarization dependence of the optical absorgton Previous studies of the 1.4-eV ceritéf were primarily

luminescencd of the 1.4-eV center naturally explains the concentrated on the ZPL doublet and its perturbation by
variations in its spectral shape that have been reported in thghjaxial stress and magnetic field, while the vibronic struc-
literature®* ture remained unexplored. On the contrary, in this and the
Note th_at polarized spectra, which look very similar to following sections, we shall focus on identifying the
those of Fig. 7, have already been repoftédiowever, the predicted excited stateex2 andex3 and on the vibronic and
polarization directions are specified differently. For examp|epolarization properties of the 1.4-eV center.
spectrum A of Fig. 7 corresponds to spectrum B in those The features 1, 3, and @ee Fig. 3 have already been
previous studie$? and vice versa. It seems likely that the assigned to the vibronic modes at the 1.4-eV center in Sec.
polarizations were misprinted in those previous studies for afjj A Therefore, we shall start with the analysis of the yet
least two reasons. o _ unidentified features 2, 5-8. Features 6—8 will be of minor
(i) The spectra B and C are rather similar, which would b&mportance for the analysis as compared to features 2 and 5,
impossible if spectrum B were recorded with the polarizenyhich could be tentatively attributed to the higher-lying ex-
along the[111] axis. Here, sample fspectrum Gacts as an cited stategex4,5, ...) coupled to a vibronic side baritea-
extra control, as by its desigisee Sec. Il and Fig.)2the  ture 8 and broadened by some, as yet undetermined mecha-
optical beam passing normal to its surface is automaticallyism.
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TABLE I. The proposed assignment of some of the absorption features, as labeled in Fig. 3, at the 1.4
-eV center. The last column presents polarizations predicted by the group tiRedryd).

Energy Observed Electronic Involved Predicted
Label (eV) polarization transition phonon polarization

1.401 Tto r,—ry Tto
1.404 o I'sg—1Ty o

1 1.46 o I'sg—1Ty Iy o

2 1.501 T I'sg—Ty o

2 1.513 T I'sg—Ts6 T

3 1.53 Tto I'sg—Ty I'5 Tto

4 1.56 Tto I'sg—1Ty I'5 Tto

5 1.571 T I'sg—Ty I'5 T+o

The appearance of features 4 and 5, situated near themaller, the mode merges with the diamond phonon con-
high-energy cutoff(1.404+0.165=1.569 eV of the one- tinuum, and consequently broadens, and therefore virtually
phonon vibronic spectrum, is unusual, but not unique to thelisappears from the luminescence specttéim.
1.4-eV center. It has been already observed for the H2 Itis important to note that the vibrational mode, respon-
centet? and the single interstiti&! in diamond, and inter- Sible for the isotopic shift of the ZPL, may be unobservable
tional mode(LVM) (feature 5 situated just beyond the one- relatively strong 0-Q 1-1', 2-2', efc., transitions contribut-
phonon spectrum. The absence of the LVM in luminescencid t© the ZPL, but not the 01 0-2', etc., transitions ap-

: . : ing in the vibronic sideband.
is explained by the standard electron-phonon coupling modd€ang In .
(see right part of Fig. lLas follows! Another important remark concerns the difference be-

tween the isotopic and thermal shift of the ZPL. All modes
_ involving a certain type of atom, independent of the mode
1. The electron-phonon coupling frequency, contribute to the corresponding isotopic shift by

In the first approximation, the electron-phonon coupling@ffeécting the 0-0 transition. However, the thermal shift re-
uires excitation of 1-1 2-2', etc., transitions via thermal

at each electronic state of the 1.4-eV center can be consid!

: : : ; opulation of the 1, 2, etc., states. Consequently, only the
ered as a sum over noninteracting V|bron|c_ modes_. Everﬁ)w-energy(<80 meV modes dominate the thermal shift of
mode is characterized by its frequeney which defines

the curvature of the electronic potentials in Fig. 1 as a func-the ZPL at temperatures below 300 K.

tion of the vibrational coordinags). Each potential well con- 2. Local vibrational mode at the 1.4-eV center

tains n vibronic energy levelsn=0,1,2,...,with energies The vibronic model outlined in the previous section will
hv(n+§)- At low temperatures, only those absorption transi-pe used in the analysis of the 1.4-eV center. First, we shall
tions are active which originate from the lowest lewelO,  apply it to the feature 5 in Fig. 3. This feature is present in
and only the 0-0 transition contributes to the ZPL. Here absorption, but not in luminescence and therefore could well
(unprimed numbers correspond to thground excited e assigned to an excited state at the 1.4-eV center. However,
state, respectively. Upon heating, transitions’12t2’, etc.,  we would note a remarkable similarity of all its properties
start contributing to the ZPL as well. If the potentials areand those of the LVM of the H2 cent&.Those properties
identical in each electronic state for a given vibrational modénclude the phonon energt67 meV in both casgscharac-
then this mode will induce neither isotopic nor thermal shiftteristic line shape, and the low-energy shift upon substituting
of the ZPL. However, in practice, the curvature of the poten13c for 12C by the amount 16% (1-112/13=6.6 meV.

tial differs in various electronic states. This observation iSNgte that this large negative shift is typical for a carbon-
commonly interpreted as the effect on the vibrational potenrejated vibronic feature, but has never been observed yet for
tial of the redistribution of the electron density in different 3 zp|_ in diamond. Therefore, we attribute the feature 5 to a
electronic state] and it shifts the ZPL upon changing the [\vM at the 1.404 eV ZPL rather than to an electronic tran-
temperature or the effective mass of the madetopic sub-  sition. To be observable in the polarization(Table ), the
stitution). The electron density is more diffuse in the excited| \yM must havel's symmetry. The absence of this LVM in
states for most defects in diamond, reducing the vibrationalyminescence can be attributed to the mode softening in the
frequencies. Consequently, most ZPLs in diamond exhibit &round state. Therefore, we may conclude that the vibra-

H HP 12, . . . . .
blueshift, by some 4 meV, upon substitutiffi for *C or  tional potential for this mode is softer in the ground state
on cooling the sampl& However, for some vibrational than in the excited state.

modes, such as the LVM of the H2 centéit appears that _

the ground state is more diffuse than the excited state. As a 3. The excited states ex2 and ex3

result, the LVM is well observed in absorption, but, when  Although the features 2 and 5 apparently exhibit similar
measured in luminescence, the LVM energy becomegroperties—both are situated close to the one-phonon spec-
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trum of the 1.404 eV ZPL, shift towards the lower energiesmay conclude that all the corresponding vibrational modes
upon substituting3C for *°C (see Fig. 6, and are not ob- exhibit a stiffer vibrational potential in the excited state than
served in luminescendaéig. 3—the doublet 2 cannot be of in the ground state.
purely vibronic origin for at least three reasons. (ii) A similar asymmetry in the vibrational potential has
(i) The integral intensity of feature 2 is rather large, largerbeen deduced for the carbon-related LVM at 1.571 eV in
than that of the 1.4-eV ZPL doublet. Therefore, if feature 2Sec. IV A 2.
were a vibronic sideband, it should exhiiistrong high- (i) In contrast, the modes responsible for the high-energy
energy harmonics, but none are observed. shift of the 1.401-eV line with increasing temperature or car-
(i) The narrow-line doublet shape would be rather un-bon isotope massgFig. 5 correspond to a softer effective
usual for a vibrational mode situated within the one-phonorpotential in the excited state than in the ground state.
diamond spectrum. The vibronic theory of Sec. IV A 1 also accounts for the
(i) Contrary to the high-energy feature 5, there is nodifferent temperature shifts of the dominatiNi and °Ni
obvious reason for the absence of the strong, low-energgomponents of the 1.401-eV line observed in Fig. 5 as fol-
(only 0.1 eV away from the ZPLdoublet 2 in luminescence. lows. The heavief°Ni isotope should be associated with a
The energies of the lines 21..501 and 1.513 efare lower-frequency mode, for which the 1;12-2', etc., transi-
rather close to those predicted for the excited stat@sand  tions will be activated and start to contribute to the '0-0
ex3 (1.50 and 1.52 e}/ Therefore, considering the above transition(1.401-eV ZPl) at lower temperatures compared
argumentg(i)iii )], we assume that the doublet 2 does notto the lighter®®Ni isotope. Indeed, Fig. 5 reveals that the
have a vibronic origin, and attribute it to electronic transi-lowest energy line at 1.401 02 eV, which corresponds to the
tions from thegrl state to the excited state® andex3. The ~ ®Ni isotope, starts shifting at lower temperatures than the
large width of the doublet lines may be caused by the life-1.401 20-eV®®Ni line.
time of theex2 andex3 states being short=5x10*s, a One would intuitively expect the difference in the thermal
few periods for typical vibrations in diamopdand to the  shift between thé€°Ni and **Ni isotopes to be small, of the
vibronic coupling between thex2 andex3 states and thext ~ ordef* exd-a/(kT,60)]-exd-a/(kT,58)], where kT is
state. The latter coupling could also contribute to the low-the Boltzmann temperature factor aads a constant. The
energy shift of the lines 2 upon tH&C/*°C substitutionFig.  magnitude of this difference, however, strongly depends on
6). the contribution of the other modes. If the latter contribution
In Table I, the polarization of the LVM feature 5 is pre- (nearly cancels the®*Ni isotope shift then the relative
dicted to ber+ o, but 7 polarization is observed. However, changes upon substitutif®dNi for **Ni could be significant.
the polarizations in Table | are predicted from the groupA clear example of such cancellation could be seen in the
theory argument$,which reveal whether a transition is al- absence of the temperature shift of the 1.404-eV line in
lowed in a certain polarization, but cannot assess the assodg. 5.
ated intensity. The intensity calculations require the analysis
of the full Hamiltonian of the 1.4-eV center and lie beyond ¢ analysis of the 1.4-eV center with the Ludwig-Woodbury
the scope of this paper. The weak 1.501 eV component of
doublet 2 is detected withr polarization, but is predicted to

have o polarization; we cannot explain this discrepancy. Having identified the excited states? andex3 at the
1.4-eV center(Sec. IV A3, we can reanalyze the 1.4-eV

center with the LWT. We shall start with a brief outline of the
B. Isotopic shift of the zero-phonon lines theory of the 8° electronic configuration.
When an interstitial Ni ion is placed into the diamond

lattice, the cubic crystal field splits tF® Ni term into the’E

nd 2T2 states separated by the distarcésee Fig. L The
rigonal perturbation or the spin-orbit coupling, or their com-
bination split thezT2 state in first order intd’y, I'y, andI's ¢
levels. Here “first order” refers to the expansion series in the
small parametergK,\)/A [see Eq.(1) later]. In contrast,
Oneither the trigonal perturbation nor the spin-orbit coupling

. 2 . .
state. Note that the temperature-dependent Ni isotope shiP!it tEe Erieve(ljwhelr_l aﬁéglg ann_éHovr\]/gyer, v(\;rllen ?pplied
has been previously obserdédor CdS:N?*; however, no  [09€ther, they do split thék state Into thd , andl's ¢ levels

detailed explanation has been provided. in second order. The energy positidiadl in meV) and some
The analysis of the isotopic shifts reveals that theOf the g factors of the derived five states can be expressed

1.4-eV system is unusual in that it exhibits different changeé‘sy'll
in curvature of the vibrational potentials in the ground and Egr2= 4K'\[/A = 2.77,
excited states for different vibrational modes.

(i) The Ni-related modes shift the 1.401- and 1.404-eV
lines towards lower energies with increasing Ni isotope mass
(see Fig. 5 A similar behavior is observed for the
1.404-eV line upon thé3C/*?C substitution. Therefore, we Ogrz) = 2 = 4K\ /A + 8K K'/A =1.93, D

theory

Another important application of the vibronic theory out-
lined in Sec. IV A 1 is to the carbon and Ni isotopic shifts of
the 1.401- and 1.404-eV lines. This theory naturally account
for the high-energy(or low-energy isotopic shifts of the
1.4-eV ZPLs, as well as their temperature dependé¢see
Fig. 5), by coupling to appropriate carbon or Ni-related vi-
brational modes exhibiting mor@r lesg curvature in the

Ogriy =2 — & \|/A - 8K/K'/A = 2.33,
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Eexx = A+ K/I2+ N\ /4 - A2 =1404, N =-491), A, =-671), K=-16(1),
Eeo = A+ K/2+N/4+A2=1501, k,=0.641), k, =0.881), A=14755), (5)
_ 2= where all energies are in meV. While the LWT yields rather
Bes=A-K-M\/2=1513, reasonable parameters for the excif’ﬁq state, the agree-
ment for the’E state is worse: Eqgl) yield K=-28 meV,
Gexa = (2 +k)(\/2 = IK)/A= 1 =0, \/=-36 meV, and an unreasonable vali¢=1.3>1.
However, assuming,/\o=k; we obtain reasonable values
Oext 1 =1+(\/2-3K=-2k N )/IA=2.5, of K'=-43 meV, \[=-56 meV, andk’ =0.74, but then
Eqo is 7.5meV, instead of the experimental value
A=(\/2-3K)+2\2, (20  Ege=2.771) meV.
. . ) Such deviation in théy,, value is commonly observed
with the accompanying set of constraints for 3d° impurities and is usually accounted for by Jahn-Teller

effects and a poorly described off-set param&gr® Note,

NN, <O, th o .
at within the LWT the energy levels are independent on
E >0 the isotopic mass. However Figs. 5 and 6 show that the
g2 ' energy level positions at the 1.4-eV center do depend on the
, isotopic mass and consequently that the vibronic effects
0<kpk <1, do contribute to the LWT energies includilg,,. In particu-
lar, the analysis in the previous sections reveals that vibra-
(KK )\ N) < AL (3)  tional modes do exhibit different frequencies when coupled

to different electronic states of the 1.4-eV center. Conse-
quently, vibronic modes of the 1.4-eV center should bring

. ; 2 different contributions to the energies the electronic states.
primed and unprimed values refer to tﬁéz and°E states, The contribution & to the Ey, value can be estimated,

respectively, andEy,, is set to zero. All the energy values : . . .
(A,\,K) are taken from the present work and expressed irgeih%’cjrg;n ;Ee d?ﬁlﬂzosrzl'z?tlo:%'izhggg\;t_hg \lellfje(jo\?v?lliitlsigllt
V ]l

meV. Theg values have been summarized in the Sec. . :
. . o comparable to the difference 7.5-2.8=4.7 meV between the
Using Egs.(2), the constraint¢3) can be modified as Eyro value calculated with the LWT and measured experi-

Here \ is the anisotropic spin-orbit coupling constalt,is
the trigonal field parametek is the orbital reduction factor,

0.075=k = 1, mentally. In particular, a slightly asymmetric coupling to a
vibrational mode, as depicted in the right part of Fig. 1,
0.84<k, <1, would reduce theE,, value thus explaining the deviation

between the experiment and the earlier LWT analysis.

-182=sK=-11,
V. CONCLUSIONS

In this work, the Ni-related 1.4-eV center in diamond has

~64.7<\, <-68.6. 4) bgen thoroughly characteriz_ed by pptica}l absprption and lu-
minescence. A number of interesting vibronic effects have
The last set of constraints yields a number of important rebeen observed and explained within the simple vibronic
sults. theory* Those effects include temperature dependent Ni iso-
(1) Both A, and\ , are automatically larger than the free tope shift, opposite isotopic shifts for different carbon and
ion value \y=-75 meV, as is expected within the LWT. Ni-related vibronic modes, and the presence of a local vibra-
However, the deviations from, are relatively small, reveal- tional mode in absorption, but not in luminescence. Detec-
ing that(i) the electron density in the 1.4-eV center is mostlytion of the LVM at the 1.4-eV center will be essential in
localized at the Ni ion; (ii) the bonding and Jahn-Teller theoretical modeling of its microscopic structure.
effects, which tend to reduce the spin-orbit splitting, are Successful identification of the two extra excited states at
weak. the 1.4-eV center allowed a detailed analysis of its micro-
(2) The value of\ is anisotropic. This result explains the scopic properties using the LWT. The theory successfully
differences between the positions of @ andex3 states explained the parameters of tR€, excited states yielding
deduced in this study and those predicted previdussing  values for the anisotropic spin-orbit coupling constanthe

the same set of equations, but assuming an isotnopic trigonal fieldK, and the anisotropic orbital reduction factor
(3) From the\ | andk, values we can already anticipate k, Eq. (5). Those parameters reveal thiptthe electron den-
thatk is close to 1 and that ~ \,. sity in the 1.4-eV center is mostly localized at the" bn;

Unfortunately, Eqs(2) are underdetermined and we have and (ii) the bonding and Jahn-Teller effects are weak at this
to introduce a further approximation. If we assume acenter.
reasonabfé relationship\,/\ , =k,/k, then the parameters When analyzing the ground state with the LWT, a devia-
of the excited state can be deduced as tion has been found between the observed and calculated
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