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Pressure-Raman studies (to 15 GPa, at 300 K and 16 K) are reported on 64Zn‘%S, 68Zn3ZS, and natural ZnS
to compare the effects of resonant 3-phonon mixing on the TO(I") phonons for the different isotope com-
positions. Under pressure the TO(I') Raman profiles exhibit several distinct features, and a sharp Lor-
entzian TO(I") peak eventually emerges at a threshold pressure Pry, that differs for each isotope composi-
tion. These effects are due to resonant mixing of the TO(I') phonon with TA + LA combination modes.
Calculations based on a bond-charge model and perturbation theory reproduce the observed pressure
variations in the shape and the width of the TO(I") peaks. It is shown that these changes relate to singulari-
ties in the TA + LA density of states. Mass scaling of the TO(I') and TA + LA modes explains the isotope
effect on Py, and leads to the estimate 1 4w) ~1.2.
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1 Introduction

Anharmonic effects in semiconductors can usually be understood within the quasiparticle approximation
in which the spectral function is represented by a Lorentzian with a frequency independent complex self
energy [1]. However, this quasiparticle approach must be modified whenever accidental degeneracies
occur between quasiharmonic phonons and singularities in the two-phonon density of states (DOS). Prior
work has found that the line-shapes of the TO(I") Raman peaks in GaP, [2, 3] CuCl, [4, 5] and ZnS [6, 7]
are profoundly altered by resonant mixing between the TO(I") mode and Brillouin Zone boundary (ZB)
TA + LA combinations. In fact, this mixing is sufficiently large in CuCl and ZnS at room temperature
(RT) and 1 atm. pressure, that it is difficult to define the TO(I') normal mode frequency. Similar anhar-
monic interactions strongly modify the EY®" and A modes in wurtzite-structure ZnO [8]. The reader is
referred to the review by M. Cardona in the present Proceedings for a survey of these and related effects.
The strengths of resonant anharmonic processes are sensitive to changes in both applied pressure and
isotope composition, which can tune the degeneracy of the interacting modes via the different pressure
and/or mass dependences of their frequencies. In previous work on ZnS, the authors have used either the
isotope effect (at 1 atm.) or applied pressure (in ®*Zn*’S) to explore the impact of the TO(I') < TA + LA
interaction on the TO(I') Raman line-shape [6, 7]. Here, we present pressure-Raman results on three
different isotopic compositions — natural ZnS, *Zn*'S, and ®Zn*’S. The measurements are analyzed
using bond-charge-model (BCM) calculations of the DOS. Our findings underscore the shortfalls in
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treatments of the optical phonons as Lorentzians with frequency independent widths and anharmonic
shifts in several common semiconductors.

2 Experimental details

High quality bulk crystals of cubic ZnS were grown for this study at temperatures below 800 °C by
chemical vapor transport using an iodine as transparent medium and pre-purified ®*Zn, *Zn, "Zn (M,, of
65.4), 'S, and ™S (M,, of 32.1) starting materials [7, 9]. Specimens for our high pressure experiments
were prepared by cleaving under acetone and selecting unoriented crystals of ~70 x 70 x 30 um’ size.
The 300 K and 16 K diamond-anvil cell (DAC) measurements reported here employ alcohol (4:1
methanol: ethanol) and He pressure media, respectively, with Inconel gaskets, and pressures determined
via the standard Ruby method. Raman spectra are recorded as a function of applied pressures P <15 GPa
using a Im double monochromator with multichannel or photomultiplier detection. The spectra are ex-
cited by ~20 mW 514.5 nm Ar-ion laser-light focused to a ~20 pm diameter spot on the sample inside
the DAC. Detailed procedures are described elsewhere [10].

3 Results and discussion

The Raman spectra of 8713 ZS, 64Zn34S, and natural ZnS recorded at several different pressures and room
temperature in the frequency region of the TO(I') and LO(I') phonons are shown in the (a)-panels of
Figs. 1, 2, and 3, respectively. Each spectrum is normalized to the intensity of the LO(I") peak. It is ap-
parent that the pressure-induced spectral changes are qualitatively similar for the three isotopic composi-
tions. The LO(I") peaks exhibit a standard Lorentzian shape and pressure response: They are intense (due
to E,-gap Frohlich enhancement), relatively narrow (slit-deconvoluted FWHM ~1-2 cm™ at 300 K), and
shift with pressure to higher energy at a rate conforming to the ionicity trends in II- VI materials [1].
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Fig.1 (a) Raman spectra of ¥Z*S at 300 K and Fig.2 (a) Effects of pressure on the measured TO(I")
several pressures measured without polarization in and LO(I') Raman spectra at 300K in %47n*S, and (b)
the region of the TO(I') and LO(I") phonons. (b) corresponding calculated line-shapes, as in Fig. 1.
Theoretical TO(I') Raman line-shapes obtained for

the same conditions via a BCM[14] calculation,

with adjustments as explained in the text.
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Fig. 3 Effects of pressure on the measured TO(I') and LO(I")
ZnS(natural) Room Temperature Raman spectra at 300 K in natural ZnS, as in Fig. 1(a) above.
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In contrast, the TO(I') peaks exhibit unconventional behavior. The scattering in the TO(I') region at
1 atm. and low pressure is relatively weak and broad (FWHM ~8—15 cm™ at 300 K). With increasing pres-
sure the line-shape changes, broadening (by as much as a factor of 2) and then narrowing as new features
appear to shift through the region, until a sharp peak (FWHM similar to LO(I'); intensity ~1/4 LO(I"))
emerges on the high energy side of the TO(I') line-shape. The threshold pressures Py, for the appearance of
this peak are 7.3 + 0.5 GPa in ®Zn™S, 8.5 + 0.5 GPa in natural ZnS, and 11.5 + 0.5 GPa in *Zn™S.

The line-shape changes in the TO(I") peak increase the uncertainty in tracking its position vs pressure.
However, the upward pressure-shift of the TO(I') peak is clearly more rapid than for LO(I") (~30% more
rapid), and hence, as in most binary semiconductors, compression decreases the transverse effective
charge. Table 1 gives the coefficients of the best quadratic fits to the measured pressure dependences
of the LO(I') and TO(I') peak frequencies. The Griineisen parameters y for these phonon modes are
computed using bulk modulus values of 76.9 GPa [11] and 78.2 GPa [12] for ZnS at room and cryo-
genic temperatures, respectively. The obtained y’s agree well with prior findings and with trends in the
Zn-chalcogenides [1].

The pressure induced changes in the line-shape of the TO(I') Raman peak can be explained by consider-
ing the interaction of the bare (i.e., quasiharmonic) TO(I') mode with the continuum of TA(Fq)
+ LA(£¢g) combination modes, which has several distinct van Hove singularities at frequencies close to

Table 1 Summary of best-fit pressure coefficients, defined by @(P) = a + bP + cP?, with P in GPa, for
the LO(I") and TO(T") phonons in the three isotopic varieties of ZnS measured in this work and in Ref. [7].

871328 %47n%s natural ZnS
LO TO LO TO LO TO
a(cm™) RT 346 + 1 272 +3 344 + 1 2703 3501 274 £3
16 K 3506+04 275.6=x1
b (cm™' /GPa) RT 47 +0.5 76+1 5405 6.1+1 49+0.5 74+1

16K 43+04 6.1+0.6
¢ (ecm/GPa®) RT  -0.05+0.03 -0.15+15 -0.10+£0.05 —0.02+0.05 -0.06 +0.03 -0.1 0.1
16 K —0.04 +0.02 —0.08 +0.04
_Olhw RT 1.04+0.12 2.16+03 121+0.12 1.74+03 1.08+0.12 2.08+0.3

omvV. 16K 096+0.1 1.73+0.2
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TO(T). The 3-phonon anharmonic interaction TO(I') < TA(¥¢q) + LA(£¢) can be treated theoretically
as a Fermi resonance. In thermal equilibrium, one obtains frequency dependent imaginary and real parts
of the phonon self energy, given to lowest order in perturbation theory by [2, 13],
2 o /I—V ’
r@ =V pP@+n@)+n@)] and Aw@)=-—P[-2TC) 4, (1)
T 5 (0" -w)
respectively. Here, V3 is an effective 3-phonon coupling strength, p*(@w =, +®,) is the 2-phonon
density of states (DOS) for TA(F¢q) + LA(+¢q) combination modes, and n(®;) are Bose—Einstein factors.
The standard Lorentzian line-shape, where the width /" (FWHM) and anharmonic shift 4 are independent
of the frequency @, must now be replaced by

T(@)/2

I(®) < > > -
[0 -, — A@)]” +[1(w)/2]

2)

Hence, one expects the line-shape to exhibit structure near distinct singularites in o> (@) .

Figures 1(b) and 2(b) present calculated results for the TO(I') Raman line-shapes of %7n*’S and
847n**S at pressures coinciding with the measured spectra ((a)-panels) for each sample. These theoretical
line-shapes are obtained by evaluating Eqs. (1) and (2), with the 2-phonon DOS p'* (@) computed using
the adiabatic bond-charge model of Ref. [14], adjusted at 1 atm to match the existing ZnS neutron scat-
tering data [15], and shifted to higher pressures according to the values of the Griineisen constants found
in prior two-phonon pressure-Raman experiments on ZnS and similar materials [1]. We see that the cal-
culations give a reasonable semi-quantitative account of the observed changes in the TO(I") line-shapes.
A number of corresponding features can be identified at similar pressures in the measured and calculated
spectra, although differences in relative strength are apparent (e.g., see the 9.2 GPa **Zn*’S spectra, and
the 8.6 GPa ®Zn*'S spectra.) This is probably the best level of agreement that can be expected given the
frequency independent coupling strength V; employed in the present analysis. In particular, the emer-
gence of the sharp unrenormalized TO(I') peak at a threshold pressure Py, that is ~30 kbar higher in
#7n*S than in ®*Zn**S is predicted.

Our calculated result for the DOS of 2-phonon summation modes in the region of the TO(I') and LO(I")
phonons in ®*Zn*S is displayed in Fig. 4. The lower arrows assign the significant van Hove singularities,
and the upper arrows show how the TO(I') Raman peak shifts with pressure in relation to these singulari-
ties. The reason for the emergence of the sharp unrenormalized TO(I') peak at high pressure is quite clear
from this figure. The shift of the TO(I') phonon to higher energy with pressure is more rapid than the
shifts of the TA + LA modes, which are affected by the softening of the ZB TA phonons [1]. Conse-
quently, above some threshold pressure, the TO(I') frequency must emerge into the density of states gap
between the TA + LA and the TA + TO (also 2LLA) combination bands. According to Egs. (1) and (2), the
TO(T") peak should then sharpen substantially, and a more standard Lorentzian line-shape should be estab-
lished. This is the observed behavior for all three isotopic compositions (see Figs. 1(a), 2(a), and 3).

The isotope dependence of the threshold pressures results from the mass scaling of the mode frequen-
cies — essentially oc M,"* for the ZB TA and LA phonons, and oc M_}*for the TO(I') phonon. The Fig. 4
inset plots the observed Pry, values in our samples vs the corresponding calculated results for the separa-
tion at 1 atm between the TO(I') frequency and the strong DOS maximum at (TA; + LA)w, (i.e., combi-
nations of phonons from the upper TA and the LA branches near the ZB W-point). The 1 atm frequen-
cies for the different isotope compositions are again obtained using the adjusted BCM [7, 14]. Assuming
no isotope effect on the pressure coefficients, one can estimate the Griineisen constant for LA(W) (which
is difficult to measure directly). From the slope of the fitted line through the origin in the Fig. 4 inset,
and the established pressure shifts of TO(I') and TA(W) (similar to that for TA(K)) [1], we obtain
Naw) = 1.2. This is in line with other estimates for ZnS and similar materials. [See the paper by
M. Cardona in these Proceedings.]

The relationship between the pressure-induced changes in line-width of the TO(I') Raman peak and
the singularities in the TA + LA DOS is more easily seen when thermal broadening is absent. Figure 5
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Fig.5 Measured TOI') Raman peak in 87328 recorded
without polarization at 16 K and several pressures. Inset
shows the observed pressure dependence of the TO(I")
line-width (slit-deconvoluted FWHM) compared to the TA
+ LA DOS represented as p*'[w Oro(P)] (solid curve).
See discussion in text. Data for the LO(I') line-width
(spectra unshown) are also given.

Fig.4 Theoretical DOS at 1 atm for the summa-
tion modes that overlap the TO(I') and LO(I") peaks
in %7n*s [after Ref. 7]; results computed using a
BCM and adjusted to fit 1 atm neutron scattering
data. Arrows mark important DOS singularities, and
the TO(I') frequency at several pressures. Inset
plots observed Py, values (emergence pressures for
bare TO(I') peaks) against the 1 atm separation
between TO(I') and the W-point TA, + LA singular-
ity for the different isotope compositions.

shows results for the TO(I') Raman peak in 871%”S measured at 16 K and several different pressures. In
the inset, the observed line-widths at this temperature (FWHM corrected for the 1.1 cm™ slit resolution)
of both the TO(I') and the LO(I") peaks are plotted over the full pressure range studied (0—15 GPa). The
solid curve is ,0(2)(a)1(P)+a)2 (P)= a)TOm(P)), i.e., the calculated two-phonon DOS in Fig. 4 evaluated
at o, (P) for each pressure. As expected from the theory (Egs. (1)), there is a close correspondence
between the variations in the TO(I') peak-width and the structure in the two-phonon DOS. Likewise, the
gradual increase with pressure in the FWHM of the LO(I") peak follows the shape of the TA + TO edge
(350-390 cm™) in the two-phonon DOS. These correspondences are strong evidence in support of our
interpretation.

4 Summary

At ambient pressure the TO(I') Raman peak in cubic ZnS is anomalously broad and weak compared to
the LO(I') peak. This effect arises from the resonant anharmonic mixing of the TO(I') mode with a co-
energetic band of TA + LA combination modes. In the present work, a comparative study of the influ-
ence of pressure (applied at 300 K and 16 K up to 15 GPa) on this mixing has been carried out for three
isotope compositions: ®*Zn*S, *Zn*S, and natural ZnS. The TO(I") Raman profiles undergo qualita-
tively similar changes in the three samples, but at different pressures, with the eventual emergence at
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high pressures of a sharp unrenormalized TO(I") peak. Line-shape calculations based on a perturbation
treatment of the TO(I') < TA + LA mixing, and employing an adjusted BCM for the 2-phonon DOS,
give a reasonable account of the pressure effects. It is shown that the changes in line-shape and line-
width are related to tuning of the TO(I') frequency through prominent singularities in the TA + LA DOS,
and that the different threshold pressures for emergence of the bare TO(I") peak are a direct result of the
mass-scaling of phonon frequencies with isotope composition. These results in the ZnS system, together
with comparable findings in similar I-VII and II-VI compounds, show that the simple Lorentzian de-
scription of optical phonon spectra breaks down in a number of important cases.
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