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Electron valence band of zirconium tetrafluoride
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The partialp- andd-electron densities of staté®OS’s) in the valence band g8-ZrF, were experimentally
profiled through recording its ZM,, and ZrL; emission band¢spectra by the x-ray spectrometer of an
electron probe apparatub initio calculations were performed to determine the concentrations of individual
F- and Zr-atom symmetry groups to the DOS and the number of states. The DOS maxima positions were found
to correlate well with the measured peaks of the two bands.

I. INTRODUCTION emission spectroscopy is capable of distinguishing between
states having different symmetries. We include detailed in-
B-ZrF, is a volatile component of one group of so-called formation on the two zirconium spectra, Xf,,, and Zr
heavy metal fluoridgHMF) glasses, in which it typically L, which were only briefly shown in some previous
comprises more than 50 mole % of their formulatfortHMF publications’® and which are now playing a crucial role in
glasses are based on the binary systenBairF, as the verifying the theory. Section IV compares the experiment
principal glass progenitor, and BaRhe principal modifier. ~ with the theory and Sec. V concludes the paper.
The addition of further components, such ass;YHnF3,
LaF3, HF,, a_nd Thi, co_nsiderably stabili_zes the glass Il. CALCULATION OF THE BAND STRUCTURE
without changing the basic optical properties. One of the
unusual optical properties of these glasses, their midinfrared Band calculations for simple crystals of diamond or zinc
high transmission capability, is a phenomenon that holds &lende structures have developed to a stage where they can
promise of ultralow loss transmission links. The present-daye considered as routine. Due to the large number of atoms
reason for the interest of the telecommunication industry irin the unit cell of3-ZrF, the problem here is more involved.
the glasses is mainly due to their low multiphonon absorpDensity functional theory provides the basis for several com-
tion losses, which are lower by a factor of 10—100, in com-putational schemes of solid state band structures. The most
parison with silica glasses. Consequently, the research on thmpularab initio method for calculating electronic structure
glasses is proceeding towards a field of potential applicationsf crystals is the linear muffin-tin orbitdLMTO) approach,
as 1.5 and 1.3:m fiber amplifiers™* which is a local density formulation of the density functional
Burbank and Benséyfound that the crystallographic theory. The LMTO approach assumes that each band in the
structure ofB-ZrF, consists of a three-dimensional array of crystal can be represented by a linear combination of atomic
antiprism polyhedra, which are joined together by the sharorbitals. We use the LMTO — atomic sphere approximation
ing of corners. Each Zr atom is coordinated by eight F atomgo the Hamiltoniar?. The atomic sphere approximation as-
in the form of a square Archimedean antiprism, while each Fsumes that the electron density around each atom is spheri-
atom is coordinated by two Zr atoms, with an average Zr-Fcally symmetric inside a sphere of predetermined radius.
distance of about 2.11 A, and an average F-Zr-F angle ofhis approximation works quite well for ionic crystals, such
75.4°. From the point of view of our present interest, it isasB-ZrF,. It reduces the complexity of the equations, espe-
important to emphasize that within the 60-atom unit cell ofcially for crystal unit cells of the size @8-ZrF,, so that it is
this compound, there are only two different symmetry posi-possible to solve them computationally.
tions, or types, for Zr atoms and seven positions for F atoms. From the inorganic databagkC.S.D) the dimensions of
It is worth noting that the availability of good qualifg-  monoclinic 8-ZrF,, space groupC2/c are given asa =
ZrF, crystals has been a restricting factor in the study of thel1.71 A,b = 9.89 A,c = 7.65 A, andB = 126.15°. The
material properties. Our studies were not possible until unit-cell dimensions of a sample of crystal gfZrF, sup-
1987, when Robinson and Fuffesucceeded in growing cen- plied by Robinson of the Hughes Research Laboratbries
timeter size, clear and transparent crystals. were slightly differenta = 11.794 A,b = 9.946 A c =
Section Il presents aab initio calculation of the elec- 7.703 A,8 = 126.13°, and these values, consequently were
tronic band ofB-ZrF,. Our idea was to simplify the calcu- used in our calculationg3-ZrF, has 12 Zr and 48 atoms in
lations by compounding the partial contributions to the denthe unit cell; F'* and Zr** atoms have the ionic radii of
sity of states(DOS and number of state§NOS) of the 1.36 A and 0.80 A, respectively.Due to symmetry, some of
highest energy band from the established F- and Zrthe atoms are equivalent, and we have two different types of
symmetry groups/units. Section Ill presents necessary detaildr and seven different types of F atoms. When enumerating
of x-ray spectroscopy measurements. We note that x-rathe atoms, we follow the notation of Ref. 5. On the Zr side,
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FIG. 1. The density of statdsolid line), DOS, and the number of statdsroken ling, NOS, in the valenc&l band of 8-ZrF,: (a) the
total picture(summary, (b) states filled bys electrons,(c) states filled byp electrons, andd) states filled byd electrons. Numbers 1-3
indicate the DOS peakdable ).

the +4 ionization means loss of botipSonducting elec- bands in the calculations are made up of linear combinations
trons, plus, what is even more important for the Zr energyof atomic orbitals, the densities of states can be separated
structure, the loss of the top twal4lectrons(out of eight into partial densities of state for each atomic orbital.
comprising the ZIN shell. To form a heavily ionized core of Table Il gives the identification of major Zr and F contri-
Zr™*, the neutral Zr atom undergoes a contraction by aboubutions to the peaks. The lowest energy peak consists of
40%, and in the energy space a completely different 4thmostly s contributions, and thus it represents tNe shell
N shell, or the valence band @&-ZrF,, is created. (subbang Two middle peaks have both+ andd-like sym-
A series of plots in Fig. 1 shows the electron densities andgnetry contributions, and they are energetically almost indis-
the number of states for the-ZrF, valence band. In addi- tinguishable. They are the degenerate shelldpf, . It is
tion, Table | gives more detailed information on the differentinteresting to note that the top of tiM,,, shell, as well as
types of ionic contributions to the DOS peaks. There arehe top of theB-ZrF, valence band, is made up ofl #lec-
three DOS peaks at the following binding energies:trons of Zr and P electrons of F atoms. The degeneracy of
1]— 6.3eV], 2] —(4.1, 4.5 eV], 3] — (0.0, 0.7 eV]. As the  the p- andd-electron contributions may be partially due to
the atomic sphere approximation, which ensures thapthe
TABLE |. Computed electron contributions of Zr and F atoms and d-electron densities are spherically symmetric, thereby
into the valenceN band of 3-ZrF, in the percentage values of the removing any chance of splitting the levels by directionality

total DOS. effects. This approximation may also have the effect of
Energy space F atoms Zr atoms . o
Electrons DOSpeak1 2 3 4 5 6 7 1 2 TABLE II. Major contributions of Zr and F atoms to th¥ band
of of B-ZrF,.
4s 1 9 14 16 17 14 14 16 Subband DOS peak[eV] Major contribution
1 6 5 15 15 17 12 15 6 9
4p 2 11 6 17 16 14 15 12 3 6 N, 1:[-6.3] Zr4s, Zr 4p, F 25
3 7 7 21 15 16 17 17 N 2 :[-4.5] Zr 4s, Zr 4p, Zr 4d, F 2p
1 41 59 Ny 2:[-4.1] Zr 4s, Zr 4p, Zr 4d, F 2p
4d 2 29 71 Ny 3:[-0.7] Zr4d, F 2p
3 16 84 Ny 3:[-(0,0.5] Zr4d, F 2
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FIG. 2. The ZrM,,, emission band oB-ZrF, crystal:a — the FIG. 3. The ZrL, emission band of3-ZrF, crystal: « — the

4p-electron DOSB — the smearedptelectron DOS, ang — the ~ 4d-electron DOS 8 — the smeareddtelectron DOS, ang — the
experimental spectrum filtered from abow 8pectral pointsits experimental spectrum after numerical filtratiéts energy scale is
energy scale is given at the fop given at the top

smearing out these peaks to some extent. Hence, it is n@ie shape features, the DOS peaksand the “smeared”
possible for us to identify any angular symmetry effectspOs peaksg from Fig. 1 are reproduced at their bottoms.
within the DOS plots. The x-ray and the DOS energy scales have been matched by
aligning the positions of the main maximum at 173.6 eV, and
that of the 3rd peak in th@ characteristic.

Figure 4 shows the smearing functions, convolutions of

X-ray emission spectroscopy has the unique ability ofLorentzian and Gaussian, which have been used to smooth
testing symmetries of selected pairs of the electron statefe DOS peaks. First, spectroscopic linewidths are deter-
(initial, final), which are involved in producing x-ray pho- mined by the lifetimes of the initial and final states. In zir-
tons. A valence state can be an initial state with any coregonium, the natural widths of thil,, andL core levels
level allowed by the selection rules being the other compoare approximately 0.2 and 2 eV, respectivélyThose are
nent of the pair. In contrast, x-ray photoelectron spectrosrepresented as the half widths of the Lorentzian part of the
copy (XPS), which is a surface characterization technique, issmearing functions. However, the 2, spectrum is
not efficient in providing recovery of a partial density of mostly broadened by a large energetic separation of its two
states from XPS valence band speétr& components, i.e., thigl, andM,, spectra and this effect was

Various wavelength dispersive spectrometers can be usdtbt included to the functions. Second, the spectrum is also
in x-ray emission spectroscopy. We operate a regular singldsroadened by the spectrometer, and as we used a single-
crystal Johann-type spectrometer with 140 mm Rowlandrystal one, there is an extra width added which is indepen-
circle of an electron probe apparatus.

Spectroscopidi.e., nonconventional nonanalyti¢adtud- s
ies of materials by an electron probe technique are handi- (x10 g
capped by the fact that one has to record large volumes of
spectral data. For example, insulators require a typical low
counting rate of about 10 counts per second for a large num-
ber of points, so it takes many hours to complete a single
spectrum. The low counting rate for insulating materials has
a serious consequence on the quality of the spectral results,
i.e., poor signal to noise ratids.To enhance clarity of the
microprobe recorded curves, we typically transform our data
into the frequency domain, perform a near-rectangular fre-
guency domain filtering, and transform them back to the en-
ergy domain.

In this work, we concentrate on two very weak X-ray
emission bandsspectrg, i.e., M,y andL, of zirconium. If
measured oB-ZrF,, the intensity of a strong analytical line
of Zr La ,is about 90 and 170 times stronger than the peak
intensities of ZrMy,, and ZrL, bands, respectively. The  F|G. 4. The smearing functions used in this work to smooth the
typical settings for the spectra recording had been 10 keMp-electron DOS(solid ling), and the d-electron DOS(broken
and 30 nA. They are presented as noise-filtered pjotat line); the narrower one is effectively Gaussian and the wider has the
the top of Figs. 2 and 3. Also, to indicate some similarities ofLorentzian character.

lll. X-RAY EMISSION SPECTROSCOPY

Smearing Function (a.u.)

0
E(eV)
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dent of the wavelengthS We used thévl v maximum from  and L, spectra are very different, they can be aligned by
Zr metal at 151.1 eV with a narrow full width at half subtracting the energies of the appropriate core levels. It
maximum width of 0.77 eV in order to obtain an estimated turns out that the separation distance between the main
value for the broadening. In our experimental setup of thanaxima of these spectra is about 1 eV. Within the experi-
spectrometer a widely open slit of 3 mm has been used witimental error, it is roughly the same as the calculated differ-
the high analyzer crystal positions of around 200 mm, proence in the energies of the second and third peaks for the
ducing an effective broadenin@r resolution reductionof DOSd- andp-electron plots, which according to our predic-
1.6 eV. The slit broadening is represented as the half width ofion are shifted by about 0.5 eV.

the Gaussian part of the smearing functions. The contribution of-ZrF, d electrons from the smaller
(but narrower second DOS peak to the 4r, spectrum
IV. COMPARISON WITH THEORY seems to be stronger than that of the higher third DOS peak,

) o however, in a smeared form, the positions and the ratio of the

_ Figure 2 shows the ZM,y,, emission band f0B-ZrF,  second to the third DOS peaks are almost identical as those
single crystal with the DOS plot fgp electrons. This spec- tor the maxima on the measured spectrum.
trum represents the hole transition of the typesgls, In Zr metal the energetically degenerateti4,d<, levels
(Mivy) — 4p1j2,P32 (Nyy)- The energy of this transition haye a binding of 3 eV, and with their involvement, the hole
for B-ZrF, is smaller than the energy of the correspondingiransition from thel,, level is producing a single maximum
transition of M,y Oy _for Zr metal:®® There are clearly at 2304 eV. In3-ZrF, the analogous transition is at 2302 eV,
some maxima on the v, spectrum. The three maxima, syggesting that the binding energy increases to about 5 eV
which form the ZrM,, emission band, can be correlated with [which is in agreement with the position of the second DOS
three peaks on the DOS plot fprelectrons(as their energy peak on thed-electrons plot of Fig. ()].
positions and not heights are concermd®y looking into the
percentage contributions from different atoms to the DOS
peaks(Table ), we can conclude that all fluorine atoms con- V. CONCLUSIONS
tribute to the density of states of all these maxima, most : . )
contributions coming from types 3 through 7. The zirconium 1 h€ ZirconiumMy,y, andL, spectra of3-ZrF, agree with
atoms participate in the formation of the first and second®Ur computed model of tha-ZrF, electronic band structure.
maxima. The fourth maximum can be seen on the energy tail NUs, we predict, with a h|g_h degree of confidence, that the
of the third (mair) maximum, from which it is separated by top of B-ZrF, valence band is constructed frord dlectrons
about 2.5 eV. Because of the M43eV energy difference of ©f Zr atoms, mostly of type 2, and from the 2lectrons of
My levels (or 3d levels,1*20it seems appropriate to iden- all the F atoms. We also predict that the maxima sfasd

tify this additional maximum as the 2#1,, emission band of 4p electrons are created from mixed contributions of all
B-ZIF,. It could also be true that a kink marked by an arrowS€Ven types of F atoms. Since the short range order of the

in Fig. 2, is due to a second DOS peak contribution to tha{oNiC arrangements in th@-Zrk, crystal and in the fluo-
band. rozirconate glasses are similar, we anticipate the usefulness

of the present results to the glass domain as well. Predictions
re that the glasses are built of just a limited number of
ifferent configurational Zr-F atomic arrangements, and
me of them are those which make partial contributions to

It is difficult to quantify the agreement between the Zr
My spectrum and the DOS calculations, simply becaus&
not all the empirical factors, which could influence the exactd
maxima heights and positions, could have been evaluated. P
general, however, the agreement is satisfactory. The theof® crystal of-ZrF,.
predicts a slightly smaller separation of the two main peaks,
as well a somewhat bigger ratio of the heights of the smaller
to the higher.

The ZrL,, spectrum is shown in Fig. 3. It is generated as A helpful assistance of A. Duncan at the spectra recording
a result of the @, — 4ds, hole transition, oL N,y one  and processing is acknowledged. The samplesB-afrF,
(notL, N,y as it was claimed in Ref.)7Again, maxima of crystals were supplied by M. Robinson of Hughes Research
this spectrum and those of the smeared Df2Sectron plot  Laboratories, at Malibu, California. We are indebted to J.
agree reasonably well. Although the energies of thevV&r  Szymaiski for his valuable comments.
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