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Raman spectroscopy study of ZnSe and Zgxfe, 1s5€ at high pressures
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The ZnSe powder and g &, 1¢5€ crystal were studied by Raman scattering spectroscopy at pressures up
to 36.0 and 32.0 GPa, respectively. For ZnSe powder at 4.7 and 9.1 GPa, two phase transitions were observed.
However, the resulted phases have not been identified yet. As the pressure was increased to 14.4 GPa, the LO
phonon peak disappeared while the TO phonon peak was still visible until the metallization pressure, 17.0 GPa
was reached. In addition, three unidentified Raman peaks were still observable above the metallization pres-
sure. For Zggdfe 1e5€ crystal, the structure transition from possible zinc blende to sodium chloride phase
(B,) was identified by the disappearance of Fe local mode and longitudinal ofit@abhonon mode at 10.9
GPa. In addition, an unidentified phase transition at 4.7 GPa was observed. The TO phonon and the split TO
phonons were still observable at a pressure above the phase transition pressure up to 32.0 GPa. The existence
of Fe impurity in the ZnSe up to a concentration of 0.16 reduced the semiconductor-metal phase transition
pressure to 10.9 GPa. According to the calculation ofr@isen parameters, £gFe, 16 Se was found to have
a higher ionicity than ZnSe. Reasons for the observation of Raman peaks at a pressure above the metallization
pressure are still unknowpS0163-182607)03420-4

I. INTRODUCTION coordinated zinc-blendéZB) phase into a six-coordinated
rock-salt(RS) phase. However, Andreoni and MascHkia-

The physical properties of semiconductors at high presdicated that the metallization was due to the band closure.
sure have attracted much attentfod Among the numerous Zn,_,FeSe, the crystallizes in the zinc-blende structure
semiconductors that have been studied, ZnSe is one of thehich is similar to ZnSe for &x=<0.22!? is a member of
most important due to its application in the fabrication ofthe diluted magnetic semiconductor famify.Interesting
blue laseré. In past decades several kinds of high-pressurégnagnetic as well as the magneto-optical properties were in-
studies on ZnSe have been performed. ¥eal.investigated ~ vestigated on both Zn,FegSe bulk crystals and thin
the band shift of ZnSe as a function of pressure by transmigilms.**~*® Recently, the spin superlattice behavicand the
sion experiment&.The x-ray diffraction experiments were Spin relaxation proce$$of Zn, _,Fe,Se based quantum well
carried out to observe the structure transformatithRe-  structures were observed. Furthermore, the pressure induced
cently, the luminescence of the deep impurities was meaphase transition of the Zn,FeSe crystal was also dis-
sured for the study of pressure effect on the impurity levelcussed by Qudret al!® using the energy-dispersive x-ray-
relative to the valence band edf&he high-pressure experi- diffraction (EDXD) measurement. It was found that the ex-
ment for the resistance measurement revealed that ZnSe higéence of Fe in the crystal results in a reduction in the
undergone a metallization process at a pressure higher th&ansition pressure, and such a reduction was believed to be
13.5 GP&° Among the works mentioned above, the mostdue to the hybridization of & orbitals into the tetrahedral
popular technique used in the high-pressure study was tHeonds?°
Raman scattering. Recently, the Raman scattering experiment has also been

In addition to the experimental investigations, theoreticalapplied to study the pressure effect on ;ZgFeSe,
studies were also performed by use of the self-consister#n; _,Co,Se?! and Zn_,Mn,Se (Refs. 22 and 2Bcrystals,
pseudopotential approaé¢hthe full potential linearly aug- and two new phases were found at 4.0 GPa and 8.0 GPa in
mented plane wave approach, and numerical atomic orbitadn; _,Mn,Se. However, the cause of the pressure induced
band structure calculations within the local-densityphase transitions was not identified. Moreover, the highest
approximationt! Although various experimental and theoret- pressure used for the Raman study was below 13.0 GPa.
ical techniques were employed in the study of ZnSe at higiNote that zinc blende to sodium chlorideB,)
pressure, some of the physical properties of ZnSe at higksemiconductor-metaltransition occurs at 13.5 GPa from
pressure are still unknown. Moreover, a discrepancy existethe resistivity measurement on Zn&eTherefore, the Ra-
among the results obtained by various theoretical works. Foman scattering study on 4n,FeSe crystals above the
example, Smelyansky and co-workErsuggested that the semiconductor-metal transition pressure would be interest-
metallization occurred when ZnSe transformed from a fourding.
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In this paper, the Raman scattering was used to investi-
gate the pressure effect on the phase transition of ZnSe pow- A
der and Zggf&) 165€ crystals at high pressure up to around 34GPa
36.0 and 32.0 GPa, respectively. We found that ZnSe mani-
fested four phase regions including two unidentified transi- A29.5GP3
tions occurred at 4.7 and 9.1 GPa. In addition, three split
transverse optica{TO) phonon modes were observed at a J\Lzl 9GPa
pressure higher than the metallization presslifed GPaup )
to 36.0 GPa. As at 4.7 GPa, one unidentified phase transition N\
of Zny gl &) 165€ was observed, too. In addition, the effect of 15.2GPa
the Fe element on the phase transition will also be discussed. ~ \
14.4GPa
2 M
Il. EXPERIMENTS % 12.5GPa
The high pressure, up to 36.0 GPa, was generated iné VA
a diamond anvil cell with the culet size of 60am. 9.1GPa
Zng g & 15€ crystal grown by the modified Bridgman A\
method was ground into tiny crystals with the size in 7.6GPa
the range of 100 um. The ZnSe powder or tiny ‘/\/L
Zngsd e 165€ crystals and ruby chiggbout 1um in size 4.7GPa
were sealed with the pressure transmitting mediideion- J\/L
ized watey in the sample chamber which was a hole of 130 3 3GPa
um diameter and 5@.m thick drilled on the stainless steel
304 gasket which has an original thickness of 26@. The JV 0 8GPa
pressure was calibrated by the fluorescence scale )
method?*?® For Raman scattering experiments, a Renishaw  ggs 690 695 200 105
2000 micro-Raman system was used. The 514.5 nm line with
a power of 1.5 W from the Coherent INNOVA 5.0 W argon Wavelength (nm)

ion laser was focused to aboutt&m on the sample surface. ,
Traditionally, water is considered as a bad pressure medium FIG. 1. The ruby fluorescence patterns vs pressure in a pressure
because it t'ransfers to solid ice VI and VIl at 0.6 and 2 1medium of deionized water. The left-hand and right-hand side
GPa, respectively. However, previous study has shown thalc2ks Of the plots preseRt andR, peaks of the ruby fluorescence,
the R1-R2 splitting in the ruby fluorescence was maintainedreSpeCt'vely'

well up to 16.7 GP&’ therefore, the nonhydrostatic compo- which have different pressure dependences from each other.
nents are not a serious problem below 16.7 GPa. In thg mode softening is found for the peak with a lower fre-
present study, such a splitting was well recorded up to 3§uency component. Whereas, the Raman shift of the higher
GPa as shown in Fig. 1. Hence, wateeionized HO) seems  frequency one increases with pressure, and it splits into two
to be a suitable pressure medium in the high pressure study¢omponents again at around 9.1 GPa. However, for the LO
To verify such a result, we have investigated Raman experiphonon mode, no mode spliting can be found. The Raman
ments in both a water and an alcohol solutidrl methanol/  shift of the LO phonon increased monotonously with pres-
ethanol solution We observed that there was no differencegyre. At pressures higher than 14.4 GPa, the LO phonon
in the phase transition pressures, and pressure dependeng@game invisible. The disappearance of the LO phonon was
of Raman shifts in both media were the same. However, inttributed to the semiconductor-metal phase transftiom

the low Raman frequency rangwer than 500 cm'), a  the contrary, all of the TO and TO split phonon modes are
much higher background was found in the alcohol solutiorstil| visible above the metallization pressure as shown in Fig.
experiments, therefore, much longer accumulating time wag. The phase transitions that occurred at 4.7 GPa and 9.1
needed in the case as the alcohol solution was used as tgPa were ignored in the previous studies of high-pressure
pressure medium. This was the reason that we chose watghase transition in pure ZnSe, although these two phase tran-
(deionized HO) as the pressure medium in our normal ex-sitions were reported in the high-pressure Raman study of
perimental runs. The Jandel Scientific Peakfit computer prothe zn _,Mn,Se?? In the case of Zp ,Mn,Se, one more
gram was used in a deconvolution process and determinatidfjode, the Mn impurity mode, was observed. Aretaal >

of the peak pOSitiOﬂ, intensity, and the full width at the half reported that the Sp||tt|ng of the |mpur|ty mode at 4.0 GPa

maximum of Raman spectra. was caused by the lowering of the crystal symmetry. Later,
Arora, and Sakuntafa found one more phase transition at
IIl. RESULTS AND DISCUSSION 8.0 GPa. At 8.0 GPa, the sample becomes opaque. This tran-

sition was considered as a transformation from the direct to
Raman spectra for ZnSe at room temperature and at varindirect band gap. Furthermore, the Raman signal disap-
ous pressures are shown in Fig. 2. At ambient conditions, thpeared above 13.5 GRaur work is 14.4 GPabecause the
longitudinal optical(LO) and TO phonons were observed at sample became metallic.
250 and 205 cm?, respectively, as reported in the previous Phase transitions at 4.7 and 9.1 GPa in pure ZnSe ob-
work! At 4.7 GPa, the TO phonon splits into two peaks served by Arora and Sakunt&favere labeled by using the
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Intensity
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2AGPa e el 117G P2
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| . pressure Raman shift (Cm-1)
200 300 400

Raman shift (cm'!) FIG. 3. High pressure, above 14.4 GPa, dependence of phonon
frequencies of ZnSe. Note all TO phonon modes were still visible
FIG. 2. Pressure dependence of phonon frequencies of ZnSabove the metallization pressure, 14.4 GPa.

Note the lowest frequency component was softened at the high . .
pressure and was cgntinugus to 26 GPa. gpeaks identified as the LO and TO phonons were observed at

253 and 215 cm?, respectively, as reported previoudfy.
splitting of the ZnSe TO phonon instead of the splitting of Between these two peaks, a weak structure can be labeled
the Mn impurity mode. A theoretical calculation has beenthrough the deconvolution process. The weak structure was
performed by Smelyansky and T&eto study the phase attributed to the Fe localimpurity) phonon mode. The Fe
transformations of ZnSe. However, only the phase transitiofocal phonon arose from the introduction of the local electric
that occurred at 14.4 GPa was considered. The phase tranfield resulting from the substituting Zn atom by the Fe
tion at 14.4 GPa was attributed to the ZB to RS structureatom?® At 2.6 GPa, the Fe local mode became more intense
transformation. No calculation was reported for the phasat a higher pressure and the Raman shift increased with the
transition at 4.7 and 9.1 GPa. Similar to ZnSe, the semiconpressure. The pressure effects on the LO and TO phonons
ductor ZnTe has a ZB crystal structure, but more details werexhibited a blueshift behavior that was similar to the Fe local
discussed for the calculation of the structure transformationgphonon. As the pressure was increased to 4.7 GPa, two new
Recently, Lee and Ihfi indicated that ZnTe underwent the modes appeared at 219.6 and 205.5 ¢mespectively. The
structure transformation from the ZB to cinnabar and thephonon energy of the 205.5 ¢rh mode(labeled as TO split
orthorhombic(Cmcn) to RS phaséby use of theab initio mode ) exhibited a redshift and the other 219.6 chmode
pseudopotential calculations within the local-density ap-labeled as TO split mode)llas the LO and Fe local mode,
proximation. Therefore, we suspected that ZnSe might alsexhibited a blueshift as the pressure was increased up to
undergo a similar structure transformation from the ZBaround 32.0 GPa. Although there are no structure transitions
through cinnabar and the orthorhombic to the RS structure dtlentified by Qadriet all® at the pressure lower than 10.0
4.7, 9.1, and 14.4 GPa, respectively. As a result, a mor&Pa from their EDXD work, however, if one refers to the
detailed theoretical study for the ZnSe structure transformastudy of the similar cubic structure of Cd¥ebefore the
tion as well as an x-ray diffraction experiment with higher- structure transforms from the four coordinated ZB structure
pressure resolution at the pressure range around 4.7 to 9td the six coordinated NaCl structure, one more phase
GPa should be very useful to clarify our suspicion. Note thanhabar structurewas found. In fact, the CdTe transforms
in the recent x-ray work of Greera al,® anomaly was also from the ZB to cinnabar, the cinnabar to NaCl, and the NaCl
found at a pressure of around 5.0 GPa. to orthorhombic(Cmcm) as the pressure is raised to 10.0
Raman spectra from 2R &, 1¢5€ crystal at various pres- GPa. We therefore attribute the appearance of the new pho-
sures are shown in Fig. 4. At the atmospheric pressure, twnon mode to the broken symmetry of the structure transfor-

Intensity
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Zng gd e 165€, respectively. The relationships of the mode

AT frequencies versus the pressure of ZnSe can be obtained by
,,w”“ ) the quadratic polynomial fitting by the following formulas:
i il e e — §31.4 GPa
L0 mode= 251.9+ 3.440—0.02p2, (1)
11.8 GPa 070 mode= 204.2+4.98 — 0.07%p?, 2
@WTO split modeél) = 207.2+2.01p— 0-02102, €)
10.9 GPa 7O split modein = 222.9-3.12p+ 0.06p?, 4
- and were plotted as the dashed curves as shown in Fig. 4.
5 Similarly, the solid lines are the fitting results by the fol-
b5 10.5 GPa lowing formulas for Zi g e, 1¢5€:
c
L0 mode= 254.353+ 3.37(r— 0.13%2, 5)
4.7 GPa ®Fe local mods= 228.293+ 6.13§ — 0.3132, (6)
> 6 GPa ©70 mode= 202.644+ 5.609 —0.111p?, )
@70 spiit mode=216.532+0.149+0.021p?, (8)
0.1 GPa WTO split modéll) = 215.948- 356@"’ 009&)2, (9)
2(')0 250 3(')0 where w; was the wave number in ¢h and p was the
pressure in GPa. The Qraisen parametery) for a quasi-
Raman shift (cm'1) harmonic mode of frequencyw; was defined b
1 ﬂlnwi
FIG. 4. Pressure dependence of phonon frequencies of vy;=—(dInw;/dInV)=— T:(Kolwi)(dwi [dP),
Zny s 16 Se. Note the lowest frequency component is softened at B dp (10)

the high pressure and was continuous to 32 GPa.
whereK, (Ref. 5 is the bulk modulus for ZnSe, and was
mation. The splitting of the TO phonon at 4.7 GPa could betaken as 62.4 GPa. The sarig value was used in the
also due to the structure transition. However, so far, structuréng g4 e 1s5€¢ system. The8 parameter is the isothermal
transitions that occurred at 4.7 GPa are not confirmed by theolume compressibility, andv is the molar volume in
x-ray-diffraction work. As the pressure was increased furtheem®/mol. The effects of the pressure on various Raman vi-
to 10.9 GPa, the semiconductor-metal transition pressure dfrational modes of ZnSe and £gFe, ;¢S€ at room tempera-
Zng g & 165€, both the LO and the Fe local modes disapture (298 K) were listed in Tables | and I, respectively. As a
peared. comparison with previous workssome conclusions can be
The variation of the mode energies as a function of theobtained:(i) the y o values of ZnSe and Zfe, 1¢5€ are
pressure can be shown in Fig. 4. The open symbols correéd.85 and 0.827, respectively. They are very close to Gie;
spond to the LO, TO, and TO split Raman modes of ZnSeyto>7, o for both systemgfor ZnSe is 1.52-0.85 and for
respectively. Simultaneously, the solid symbols correspon@ng gfe) 165€ is 1.725-0.827; (iii) the ratiosyro/y, o for
to the LO, Fe local, TO, and TO split Raman modes ofZnSe and Zggf &) 1s5€ are 1.788 and 2.086, respectively.

TABLE I. Effect of pressure on various Raman vibrational modes of ZnSe at room tempe2a86rk).
The values of mode frequencies, pressure dependencky;/dp, mode Grmeisen parametey;, and
dv;/dp were extrapolated at ambient conditions.

do, dy
dp dp
i (Cm_l 1
Mode (cm™1) GPa i GP
LO 251.9 3.44-0.04p 0.85 —0.02+3.2¥ 1074p
TO 204.2 4.98-0.14p 1.52 —0.06+1.14X 1074p
TO split (1) 207.2 2.01-0.02 0.60 ~0.02+2.02<10 “p

TO split (Il 222.9 ~3.12+0.1% ~0.87 0.03r5.25x 10 %p
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TABLE II. Effect of pressure on various Raman vibrational modes of o4&, 1g5€ at room temperature
(298 K). The values of mode frequenciag, pressure dependencks;/dp, mode Grimeisen parameter
vi, anddy; /dp are extrapolated at ambient conditions.

do, dv
dp dp
; em * L
Mode (cm™ GPa Vi GP
LO 254.353 3.3760.266 0.827 —0.0761+1.7397 1073p
Fe local 228.293 6.1380.626 1.727 —0.2125+8.1888x 1073p
TO 202.644 5.6030.22 1.725 —0.0989+2.4740< 1073p
TO split (1) 216.532 0.1490.04% 0.043 —0.0121+1.6106< 10" 5p
TO split (I1) 215.948 —3.565+0.198 ~1.030 0.012%4.1160< 10~3p

This manifests that ZypFe, 1Se has a higher ionicity than semiconductor-metallic transition from the high-pressure
ZnSe. We suggest that the higher ionicity resulted from thdesistivity’* and Raman spectroscopy measurements on the

Fe impurity.

ZnSe powder. The Fe local phonon inggd-e, 1.5€ behaves

In Fig. 5, it is clear that the pressure effect on the Ramarthe same way as the LO phonon instead of the TO phonon
shift for the ZnSe and ZypFe)1S€e is almost the same, Which splits into three components and is still visible at the
except the phase transition pressures are different, and ridghest pressures achieved in our experiments. Furthermore,
local mode could be observed in the ZnSe. The disappeait was found the semiconductor-metal transition pressure for
ance of the LO phonon can be understood as

dhe Zny g e 155€ is 10.9 GPa, which is 3.5 GPa lower than

that of the ZnSe. The reduction in the transition pressure is
due to the existence of Fe which results in the hybridization
of 3d orbitals into the tetrahedral bon&#sOur result is con-

440 -
Znse | Zn,.Fe, . Se sistent with the study of pressure-induced phase transition of
420 ZnysFe175e by the energy-dispersive x-ray-diffraction
o] © hd measuremertt
400 I‘Zf:al none = The other significant result obtained in this work is that at
280 To A N a pressure higher than 10.9 GPa, the metallic RS structure
=5 transformation pressure of gpfe, 175e, the LO and Fe lo-
260 split) | ¥ v cal phonon disappeared, but all the TO and split TO phonon
Zgit(”) o . modes were still clearly visible. The high-pressure
340 4 Raman scattering experiments up 6.0 GPa have also
e 10.9 been carried out by Aroretal? to study zZnSe and
= 3201 14.4 Zn,_,Mn,Se. However, no Raman signals above 13.5 GPa
é l/ have been reported yet. We note that the onset of the metal-
g lization occurs at 13.5 GPa. According to the data provided
2 by Itkin and co-workers, at that pressure the resistance

drops abruptly from 181 to 10*Q). Assuming the sample
size is about 10Qum in diameter and 1@«m in thickness,
then the calculated resistivity at 13.5 GPa is aboul 10
n cm, which is the intermediate of those of silicéd.4
x10% 1 Q cm) and copper(1.7 uQ cm). ltkin et al. sug-
gested that at the pressure of 13.5 GPa, where the RS struc-
ture first appeared, a new semiconducting phase was formed
and was able to exist in a pressure range of about 13.5-17.0
GPa. Beyond that range, metallization occurred due to gap
closure. However, we have found that three Raman peaks on
ZnSe powder at 260.0 cm, 230.0 cm?, and 191.0 cm!
were still visible at the highest pressu(86.0 GPa we
achieved. One can recall that the skin defsih penetration

FIG. 5. Pressure dependence of Raman peaks in th@epth o can be expressed as
Zny sd e 165€ crystal(black symbolg and ZnSe powdefopened
symbolg. The solid lines and dashed lines are quadaratic polyno- S~ c
mial fitting curves for Zgg/Mng 165€ crystal and ZnSe powder, re- BN
spectively. The arrows at 10.9 and 14.4 represent the semi- 2mpwo
conductor-metal phase transition pressure of, 4fg Se and Wwhere c,u, w, and o are the speed of light, permeability,
ZnSe, respectively. angular frequency of excitation laser beam, and the conduc-

40

Pressure (GPa)

(11)
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tivity, respectively. The permeability of the metallized ZnSe znSe powder and the Zpfe ;sS€e crystal. Visible TO
is about the same as the permeability in vacuum and thphonon splitting into three components in ZnSe and
wavelength of the excitation laser beam is 5145 A. The reZny s e 165€ systems was observed up to 36.0 and 32.0
sistivity above 18.6 GPa is reported to be smaller than 125pa, respectively. The calculated Geisen parameter im-
nl cm? Then the calculated skin depth at a pressure abovglied that Zn gf e, 1S€e has a higher ionicity than ZnSe. A
18.6 GPa was only about several tens of an A. It may be vergomplete theoretical study and detailed x-ray work are
interesting to study which mechanism makes the number ofieeded to fully understand the current experimental results.
scattered photons become large enough to be detected for
such a thin penetration depth.
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