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ABSTRACT

VWe hayg measured the refleétivity and the wavelength
ﬁodulated-refledtivity of HfS2 at room temperature'and-5°K;
.The féflectivity spectrum is compared with that obtained from
N ‘ a band structure calculated by the empirical pseudopotentiai
method. Structures in the spectrum are identified. . The volume
\J | effect of the optiéal transitions is shown to be importaht in’

this semicondﬁcting layer crystal.
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I. INTRODUCTION

Among the transition metal dichalcogenides, the group IVB compounds
crystallize in the CdI2 configuration. A typical layer consists of a
plane of metal atoms sandwiéhgd between two planes of the chalcogenides.
In contrast to the polytypes of the group VB and VIB crystals,l there is
ohly one stacking sequence. Within a layer, each metal atom is octa-
hedrally surrounded by six chalcogens as shown in Fig. 1. The saturation
of the p-orbitals in one formula unit suggests these compounds should Be
semiconductors. As expected, most of the Zr and Hf compounds (except
the ditellurides) are semiconductors. Conflicting results about the
fundamental properties of Ti-dichalcogenides have been found in the litera-
t:ure,2 but we shall not pursue this subject here.

'Experimentally, one of the most extensivély studied group IVB
semiconducting dichalcogneides is Hf52 because good quality crystal can
easily be obtained. Absorption measurements4 support an indirect energy
gap of value 1.96 eV at room temperature and a temperature coefficient of
—4.3x10_4'eV/°K in the range of 77-500°K. An independent electrical
determination5 gives a slightly higher value of 2.1 eV. At liquid helium
temperature, transmission measurements performed on thin adhesive cleaved
samples6 have been able to resolve some fine structures in the range
2.5-3.5 eV.

Theoretical band structure calculations on HfS2 have been performed
by Murray, et al (MBY)1 and by Mattheiss.3 MBY used a semi—empiricai

tight-binding scheme with three empirical parameters. These parameters
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were uséd to weigh the calculated overlapping integrals and were deter-
mined by assigning a priority: (i) an indirect gap Pz— > L1+ at
2.08 eV; (ii) Ll— > L1+ at 2.87 ev; and (iii) F3— -> Fl+ at 3.4 er
Iﬁ an attempt to explaiﬁ thé data of the transmission measurements,6 théy
2 and extended it'to,Hfsz.
Qn the other hand, tﬁe augmented plane-wave method (APW) has‘been applied

calculated the joint dénsity of states of ZrS

by Mattheiss to calculate the band structure of HfS, at a,few.imporfént

2
- .
k-points in the Brillouin zone (BZ). The band structure along symmetry
directions was then obtained by Slater-Koster's tight-binding inter-~

polation scheme. The reéults suggest an indirect gap Fz- - Ll+ at 2.?7 eV.

No serious comparisén with the experimental data has Beeﬁ made. in this'cgse.
Even»in this simple semiconducting transition metal layer compound,

comparisons between the experimental and the theoretical results have

been previously resfricted to a semiquantitative basis because of lackbv

. . . 1,3
of the dipole transition matrix elements™’

and the two-dimensional nature
of the theoretical approach.1 For better understantding of transition;
metal dichalogenides a more realistic comparison between theory and ex-
periment is necessary. In this paper, we report our measurements oh the

reflectivity and wavelength modulated reflectivity of HfS, at toom

2

temperature and liquid helim temperature in the range of 2-6 eV.  We also

present a band structure of HfS, obtained from the empirical pseudo-

2
potential method (EPM). The experimental reflectivity spectrum is then
compared with the theoretical reflectivity spectrum deduced from the

band structure calculation. We believe that this is the first realistic
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comparison ever made on such layer compounds.

.We have arranged this papef in the.following way: Sections II and III
briéfly describe the experimental arrangement and theoretical method
respectively. Section IV is a discussion and comparison of the ‘pre-
sént measured'and calculated results as well as a comparison with various

earlier experimental and theoretical work on the crystal.

II. EXPERIMENT

The Hsz crystal we used had a broéd face of 1 cﬁ x 0.5 cm and a
thickness of about 10 u. The latter was deduced from the interference
fringes shown in Fig. 2 around 2.2 eV. The C axis of the crystal was
_ perpendicular to the platelet. Because of the small sample thiékness, our
optical measurements were restricted to the configuration E i E. The
sample was mounted on a sample holder free of strain and an "as.grown"
natural face of the platelet was used for the opticél measurements.

The experimental apparatus for simultaneous measurements of the
reflectivity and the logarithmic derivative of the reflectivity has been
described elseWhere.7 In order to facilitate comparison with theory,

the data were digitized and converted from wavelength to energy scale on

a computer. The results are presented in Fig. 2.

IIT. THEORY
The empirical pseudopotential method has been discussed in detail

. 8
in the literatures. In essence, a nonlocal pseudopotential with

~8
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% = 2 centered at the Hf-atom in the unit cell was used to account for
the strong potential experienced by the partially filled d-electroms. The
potentials of the s- and p-electrons and some of the ﬁybridization
effeéts in the crystal are expressed in terms of the form factoré of
the local pseudopotentials. The starting form factors of the S—étom
was scaled from SnSZ.9 As the form factors of Hf have never been reported -
in the literature, they were initially approximated by the pseudopbtential
of’the Nb—atom10 with proper scaling. These atomic form factbrs were
cutt off at leﬂiax = 15 (/Eﬂ/a)z,‘where Ehis a reciprocal lattice vector
and a is the lattice constant in the X-Y plane. . This results in a total
of 17 nonvanishing form factors for each atomic species. To secure
proper convergence of the band energies with respect to the numbetidf
plane waves, we used control energie58 Ei = 19.5 and E2v= 37.5vin units
of (Jﬁﬂ/a)z. Equivalently, there are about 185 plane waves with energies
less than El and about 300 plane waves used in the Lowin-Brust pertur-
bation scheme.ll The convergence of the calcqlatedvenergies at ', K,
A and H is within 0.1 eV, whereas at M and L it is only of tHe order
of 0.1 éV, Spin—orbit interaction is neglected in the present calcula;ion.

To calculate the reflectivity from the band structure we éaléulate
.first the imaginary part of the dielectric function, ez(w), by the
linear interpolation scheme.12 There are 60 Qipoints in the (1/12)th

of the BZ used to set up the mesh. Since we anticipate a comparison of

R(w) with EI.C, only the perpendicular components of the dipole transition
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(3-8) )

matrix elements of six valence bands to five conduction bandég_13 were
considered at the mesh points. An equivalent of 2.5x104 points in the
BZ were sampled. Then, we used the Kramer-Kronig relation to calculate

the real part of the dielectric function, el(w), and the reflectivity R(w).

Iv. RESULTS AND COMPARISONS

In Fig. 2 the reflectivity, R(w)and its logarithmic derivatiﬁe were
plotted as functions of photon energy, hw. In general, the reflectivi;y
shows prominent structures for hw < 3.5 eV, a strong drop-off above 4.0 eV
and a fairlyvconstaﬁt "plateau" observed up to 6 eV. .The minimum of the
reflectivity at 4.23 eV is only about 2%. The magnitude of the reflectivity
of the "plateau" is sensitive to the position of the focused beam 6n tﬁe
sample surface. As usual, the derivative spectrum displays many fine
structures. We shall compare later the details of othef experimental
and theoretical results.

The calculated band structure along several symmetry directions is
shown in Fig. 3. We have used Slater's notations of fhe irreducible

representations for the D group. The labelings at L are different from

3d
those used in Ref. 3, but are equivalent with 1 < 1+. 2 > 1—, 3~ 2
and 4 < 2+. From now on, we shall use the notations without the "+"
and "-" signs at L. In Fig. 4, we éompare our experimental and‘calculated
reflectivity spectra.

The calculated indirect fundamental gap is the transition of

Fz— + M

l+ at 1.8 eV which agrees to ~ 0.2 &V with the experimental value.
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Although our idenficiation &iffers from the one (FZ— ; Ll) given by
‘Refs. 1 and 3, it ﬁay not be incompatible. As shown in Fig. 3, ﬁhe_
eﬁergy of the lowest conduction band (the 9th band) at L(Ll) is O.i eV
about Ml+ while the convergence pf energy at both L and M-points,vas
we discﬁssed in pre§ious section, is only of the order of 0.1 eV. It
is quite possible that with finer matrices, the relative ordering of L1

and Ml+ is reversed. As a comparison, wevnote that the indirect gap

calculated by MBY is 2.7 eV (as deduced from the bandvstrucfuré of HfS2
in.Ref. 1).. Similar discrepancy appearé-in the other identified structures.

The first prominent structure in our experimental reflecgiVity
spectrum is a 2.83 eV. Compared to the value feportéd by_Greenawéy and Nitché4
(2.9 eV) and the one given by Beal et 316(2.88 eV), our peak is about 60 meV lower.
ThiS’difference may be due (a) to the increased accuracy.échieved in
the modulation spectroscopy, and (B)vto the shift of peak enérgiés between

absorption and reflectivity spectral3’14

The theoretical spectrum in
this range shows a weak shoulder at 2.7 eV and a peak at 2.9 eV.: We
assign the peak to the observed structure at 2.83 eV. Both theoretical
structures come from regions near A (liné I' > A)Y from transitions qf;tﬁe
upper most valence band to the loweét conduction band (8 ~ 9 trénsitions)
except that the 2.7 eV contour does not enclose the point A. ‘ﬁe find no
correlation of this structure wifh the hoint L in the BZ as suggeéted by
MBY.1 Their calculated energies of transitiéns L2 -+ L1 and L3 > Ll
(assigned by MBY as the direct gap) are at 3.47 and 3.6‘eV respecfivéiy.

Hence, it will be impossible to account for the 2.83 eV experimental
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.structure in a spectrum deduced from their band structure. The result éf
the APW célculation3 suffers the same shortcoming, since the calculated
minimum direct gap at 3.43 eV is also at L. From our calculation, we
suggest that the fundamental direct gap of Hf82 is at P(Pz- > F3+) with
a gap energy of 2.4 eV and rather weak dipole transition matrix elements,
and the contribution ﬁo the 2.83 eV structure is due to the volume effect.8
The two next structures around 2.94 and 2.99 eV in the derivative
reflectivity spe;trum agree with the ones at 3.03 and 3.07 eV in the
transmission dataG. The splitting in our case is ‘50 meV, and agrees with
the value (~65 meV) calculated by MBY for the spin-orbit éplitting of
(6,7)

the T3 3

MBY is 4.08 eV which is about 1 eV higher than the measured value of the

band. However, the interband energy of I' - - F1+ given by
structure. Beal et al6 identified the 3.07 éV shoulder as the trans-
itions associated with Ml- - M1+, i.e., 8 > 9 at M. Qur theoretical result
shows a shoulder at 3.1 eV. It is not resolved into two structures since
the resolution of the calculation is only 0.1 eV. The contributions to
this_structure are from 8 + 9 transitions near the L point and 7, 8 » 11
 transitions around Ehe A point. Both regioné have stfong dipole matrix
eléments. Since part of the contributipns associated with the degenerate
valeﬁce bands at the point A (A3— + Al+), it is possible that the 50 meV
splitting is due to spin-orbit splitting of tﬁese degenerate bands.

The 5.2 eV structure in Refs. 4 and 6 is seen in our experimental °
spectrum (Fig. 2) as a shoulder at 3.17 eV with no splitting resolved.

The transition possibly responsible for the structure is L2 -+ L1(7 + 9)
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but its contribution is ndt visible in our calculated spéctrﬁm as iﬁ is
masked by the strong peak at 3.3 eV.

Both our experimental and theoretical spectra show a strong peak at
3.3 eV, which presumably corresponds to the 3.23 eV peak.invthé'absorp—
tion épectrum. This peak was identified in Ref. 1 asrdue to F35 > Fl+
transitions. Their calculated energy os this peak was however, at 4.08 eV.
We fihd from ouf calculation that the peak comes from 8 + 9 transitions
in an extended region very near the T'ALM plane in fhe BZ. a nearby
critical point with M1 symmetry is found along R [(%30; %a'lg?ﬁ
at 3.25 eV. The strong dipole trénsition matrix elements hear the plane
enhance the intensity of the peak. |

In the higher energy region, both speétra in Fig. 4 show'é structure
+ (8 > 9) transitions.

1

The theoretical spectrum has a structure at 3.9 eV which differes from

at 3.5'eV‘which can be attributed to the Ml— > M

the experimental structure at 3.8 eV by 0.1 eV and is8 due to the volume
effect in two extended regions: (a) 8 > 9 transitionsfwith_cyliﬁdrical
contour surface intérsecting the midpoints of the S and T lines and the
zone boundaries near L and M since the dipoie maﬁrix eleﬁents of 8§ + 9
transitions decrease sharply as the E;points move away from the TALM
plang, the strength of the structure is weaker than the 3.3 eV peak;

(b) 7 > 9 transitions with contour . surface almost parallel to the ATLM
plane. The dipole matfix elements associated with these transitions are
weak. The peak at 4.4 eV is mainly due to the 7. > 9 transitions with
contours similar to the one given in (b) except it is farther a@ay frbm

ATLM planes.
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A fast drop in the refleétivity around 4.1 eV is exhibited in both
spectra, although the one in the theoretri;al spectrum appears fo be less
drastic. A similar dip has been observed in Refs. 4 and 6. Our cal-
culation shows that this is due to exhaustion of oscillator strength of
the 8 -~ 9 and 7.-> 9 transitions. The experimehtal reflectivity starts
arising gradually after 4.2 eV and reaches a weak maximum at 4.9 eV. This
is in good agreement with the result of Greenaway and Nitche.6 The
corresponding structure in the theoretical sbecrum is 0.3 eV lower and the
magnitude is abdut seven times higher. The main contribution to thié
peak coﬁes from 7 »~ 10 transitié—s in the region near A but above the
I'MK ﬁlane. "The discrepancy in the higher region has been found in most
pseudopotential calculations of semicdnductors8. We‘have summarized the
above discussion in Table I.

Compared with other theoretical calculations, the band ordering near
the gap.shown in Fig. 3 agrees well with the APW results3 but differs
from the tight-binding calculation which shows_F1+ being the lowest
conduction band. A detailed comparison of the band energies at I' and
L:with respect to FZ; and the‘ordering ofvthé bands near the gap is
given in Table II. Our F3+ (3rd and 4th bands) and F1+ (5th band) are
reversed with respect to the other two calculations. This can be an
artifact due to imposition of smoothness for the pseudopotential form
factors. The (35)—bands of the S-atoms are about 15. eV below the top -
of the valence band. The accuracy of these bands may be tested in the

future by the soft x-ray photoesmission (XPS) measurements. It is
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interesting to compare the widths of the nonbonding d bands and the
uppermost p bands obtained in different célgulations as listed in Table
I. We take the maximum separation of the energies between the 9th and
11th bands for the width of the d-states and that between the 7-th and
8-th bands of the width of the p-states. The’bandwidths of the present
calculation in both cases are wider than those of Ref. 1 and 3. -

In conclusion, we have measured the reflectivity4an& the first-
- order derivative reflectivity spectra of Hsz at room tempéfature and at
5°K. The structures agree well with earlier experimental results and are
in reasonable agreement with those derived from the.band structﬂre_cal—
culation using the empirical pseudopotential method. = Structures below
hw = 5.0 eV have been identified. Prominent peaks at hw < 3.5 eV come
from tfansitions from two uppermost valence_bands (p-states) to the'lowest
nonbanding d'states'in_a large region of the BZ. This is contrary to
the earlier identificationsl which associate strong peaks with only’a_'
few critical points in the BZ. Comparison of the present calculation__
tight-binding and APW calculations shows that: (1) The band brdering '
near the gap agrees with the APW results but differs from the tight;biﬁding
results; (2) the two uppermost p and the nonbonding d conduction.baﬁds
are wider by a factor of 2 in empirical pseudopotential palculaﬁionbthan
.those in the ofher calculations.
ACKNOWLEDGEMENTS

We ;hank Dr. Levy and Dr. H. Berger from the Laborétoire de Physiquévv
Appliquee -Ecole Polytechnique Federate de Lausanne fof the growth aha supply

of the sample used in this experiment.



10.
11.

12.

13.

14.

15.

R.

-12- - . LBL-4583
REFERENCES

B. Murray, R. A. Bromley and A. D. Yoffe, J. Phys. C 5, 746 (1972).

See for ekample, H. W. Myron and A. J. Freeman, Phys. Lett. 44A,

167 (1973).
_L. F. Mattheiss, Phys. Rev. B8, 3719 (1973).

D. L. Greenaway and R. Nitsche, J. Phys. Chem. Sol. 26, 1445 (1965).
L. E. Conroy and K. C. Park, Jung. Chem. 7, 459 (1968).

A. R. Beal, J. C. Knights and W. Y. Liang, J. Phys. C 5, 3531 (1972).
'R

. R. L. Zucca and Y. R. Shen, Appl. Optics 12, 1293 (1973); Y. R. Shen,

Surf. Sciences 27, 522, (1973).

. L. Cohen and V. Heine, Solid State Phys. 24, 37 (1970); C. Y. Fong

and M. L. Cohen, Phys. Rev. Lett. 24, 306 (1970).

M.

S.

. Y. Fond and M. L. Cohen, Phys. Rev. B5, 3095 (1972).

. Y. Fong and M. L. Cohen, Phys. Rev. Lett. 32, 720 (1974).
. Brust, Phys. Rev. 134A, 1337 (1964).

. M. Saslow, T. K. Bergstresser, C. Y. Fong, M. L. Cohen and

. Brust, Solid State Comm. 5, 667 (1967).

Welkowsky and R. Baunstein, Phys. Rev. b5, 497 (1972).

E. Kohn, ?. Y. Yu, Y. Petroff, Y. R. Shen, Y. Tsang, and M. L.

Cohen, Phys. Rev. B8, 1477, (1973).

J.

A. Wiison and A. D. Yoffe, Advances in Phys. 18, 193 (1969).



OO0 uUv494us0z3g

-13- ' ' LBL-4583

FIGURE CAPTIONS

Fig. 1 a.. Hexogonal unit cell of HfSZ'

b. Octohedral continuation within one layer.
Fig. 2 A The wavelength modulated fefléctivity at 5°K and the
reflectivity at 5°K (——) and at 300°K(-- -).

Fig. 3 The band structure of Hsz.

Fig. 4 The experimental and theoretical spectra of Hfsz.
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TABLE CAPTIONS .

Comparison of experimental and theoretical critical ﬁoint
energies and their assignments. All energies are in eV.
Coﬁparison of the band ordering and eigeuvalues at I and
L in different band strucutre calculations. (All energies

are in eV);
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THEORY

EXPERL MENT

Authors

Feature '

Wilson

Yoffe

Present
Work

Mattheiss3

Beal6

Knight
Liang

) 4
Greenaway
Nitsche

Present
| Work

Indirect
Gap

1.98

1.8
(T, +)

2.77
(Ty=—L)

1.96

Direct
Gap

2.4
(I',—T +)

3.43

Ly ~ L)

3

Optical

Structure

2.9
8 + 9$

2.9 2.88

3.1

near A
+ L
1’
M A1+}

3.03, ..
3.07
M -+M1+%

{.
3
3.16

(Ly> Ll)

3.2 3.2

3.3
8+9
1 1
('3" O"z—)
VIt and
a .
near TALM
\ plane

4.08
(T 4= T4

3.3

- 3.5
(Ml—+M1+)

3.5

3.9
8->9,7-+9
Volume
effect

3.8

4.4
7> 9
Volume
effect

4.6

7 +10
Volume
effect

4.

9

WIJER GF the
nonboundary
d-bands

1.98

4.0
(L1 +L1)

3.14
(M1+ > M1+)

3.31
(M1+ - M1+)

Width of the
uppermost
p-band

0.87

3.1
#, > T,-)

1.56
(ty= > Iy

1.54

M,~ > T,-)

t Values deduced from the band structure.
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