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ON THE HIGH-PRESSURE BEHAVIOROF THE BOND-BENDING MODE OF AlNE. V. Yakovenko *Institute for High-Pressure Physis, Russian Aademy of Sienes142190, Troitsk, Mosow Region, RussiaM. Gauthier **, A. Polian ***Physique des Milieux Condensés, Université P&M CurieF 75252, Paris Cedex 05, FraneSubmitted 8 July 2003Lattie vibrations of the wurtzite-type AlN have been studied by Raman spetrosopy under high pressure upto the phase transition to the rok salt struture at 20 GPa. Five fundamental bands E22 , A1(TO), E1(TO),A1(LO), and E1(LO) have a strong, positive pressure shift, whereas the shift of the low-frequeny E12 bandis weakly positive. We have found that the bond-bending E12 mode has a positive mode Grüneisen param-eter i = 0:04, whih is qualitatively onsistent with the reently reported value i = 0:12 [21℄. Thus, weon�rm that AlN remains stable with respet to the bond-bending mode, while in most tetrahedral semion-dutors bond-bending modes soften on ompression. Experimental results are ompared with the �rst-priniplealulations.PACS: 63.20.Dj, 64.70.KbThe pressure-indued phonon softening is a signi�-ant harateristi property of tetrahedral semiondu-tors, reported in many experimental [1�10℄ and the-oretial [11�18℄ works. Negative frequeny shift ofthe low-energy modes of tetrahedral semiondutors onompression manifests itself in their well-known neg-ative thermal expansions at low temperatures. These�soft� modes are shearing modes, involving bond bend-ing in the �rst order of the strain [15; 18℄. Phononfrequeny drop, more pronouned for high-Z materi-als, reahes about 30% at the threshold of the pressu-re-indued phase transitions, when ovalent tetrahedralstrutures lose their stability and transform into moredensely paked arrangements. Experimentally, it hasbeen found that the stability of tetrahedral strutureswith respet to the bond-bending modes orrelates withtheir absolute stability under pressure suh that the fre-queny drop is faster for less stable ompounds. We-instein [4; 6℄ has found that for six diamond and zin-blende struture semiondutors ZnTe, Ge, Si, ZnSe,*E-mail: katia�ns.hppi.troitsk.ru**E-mail: Mihel.Gauthier�pm.jussieu.fr***E-mail: Alain.Polian�pm.jussieu.fr

ZnS, and GaP, there is a remarkable linearity betweenthe mode Grüneisen parameteri = �d ln �id lnV(where �i is the frequeny of the mode i and V is thevolume) for the purely bond-bending TA(X) mode andthe transition pressure Ptr for these materials.Previously, the only known experimental examplesof bond-bending modes with a positive pressure shiftwere the bond-bending TA(X) mode of diamond [19℄1)and the E12 mode of wurtzite-type BeO [20℄. This be-havior might be regarded as harateristi feature ofthe low-Z seond-row semiondutors; however, reentRaman measurements found a similar behavior for theE12 mode of the wurtzite-type AlN (w-AlN) at pres-sures to up 6 GPa [21℄. Previous high-pressure Ramanstudies of w-AlN [22; 23℄ failed to measure the pressure1) We note that the experimental error bar for TA(X) for di-amond obtained in this work is twie the value of TA(X) itself.However, the positive sign of TA(X) is indiretly orroboratedby the positive thermal expansion oe�ient of diamond at lowtemperatures.1122
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Fig. 1. Raman spetra of AlN as a funtion of pressure in the low-energy region (a) and in the high-energy region (b). Thespetral resolution is 0:5 m�1. Ethanol�metanol mixture was used as a pressure transmitting mediumshift of the E12 mode, most probably due to the lakof high-quality rystals. We believe that this problemdeserves speial attention, beause the bond-bendingelastiity is one of the most prominent manifestations ofdiretional ovalent bonding, and its pressure behaviorshould be studied in depth. From a fundamental stand-point, AlN represents an interesting and ompliatedase of ovalent versus ioni bonding [24℄: althoughits valene harge distribution is highly ioni [25℄, AlNadopts the tetrahedrally oordinated wurtzite strutureand therefore belongs to ovalent materials [26℄. Toensure that the pressure oe�ient of the E12 mode ofAlN is indeed positive, we have taken a omplementaryhigh-pressure Raman study of AlN up to its stabilitylimit at about 20 GPa. The pressure dependene of thelow-frequeny bond-bending E12 mode was traed up tothe threshold of the pressure-indued phase transitionfor the �rst time.The AlN samples were 20 �m-thik rystals grownon the sapphire substrate by vapor phase epitaxy. Pres-sure was produed using the diamond-anvil pressureell. Compressed helium and methanol�ethanol mix-ture were used as a pressure-transmitting medium inthe �rst and in the seond experimental run, respe-

tively. Pressure was measured in situ by the ruby lumi-nesene tehnique. The Raman spetra were measuredusing the THR-1000 triple spetrometer equipped withan OSMA detetor (the �rst run), and the Dilor XYdouble spetrometer equipped with the CCD dete-tor (the seond run). An Ar+ laser (� = 514:5 nm)was used as a soure of exitation. All spetra werereorded in the baksattering geometry at ambienttemperature.For the hexagonal wurtzite struture with the spaegroup P63m (Z = 2), a fator-group analysis preditsthe six sets of optial modes at k = 0 [27℄,�op = A1 + 2B1 +E1 + 2E2;where A1, E1, and E2 are Raman ative modes, and B1modes are silent. A1 and E1 are also infrared ative,and split into the longitudinal and transverse ompo-nents (LO and TO). The lowest-frequeny mode E12 isa bond-bending mode.The Raman spetrum of w-AlN has been measuredpreviously under ambient onditions and analyzed insome detail, inluding the e�ets of polarization andanisotropy [28�30℄. Our ambient pressure Raman fre-quenies are 249 m�1, 610 m�1, 657 m�1, 669 m�1,1123 11*
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Fig. 2. Raman band width (FMHW) for the E12 and E22modes of AlN as a funtion of pressure. Ethanol�metanolmixture was used as a pressure transmitting medium. Thedashed horizontal lines are drawn to guide the eye890 m�1, and 910 m�1 for the respetive modes E12 ,A1(TO), E22 , E1(TO), A1(LO), and E1(LO). Thesevalues agree with very reliable data [28�30℄ within 1%.On inrease in pressure, all Raman bands shift ontinu-ously to higher phonon energy with neither broadeningnor intensity loss to about 18 GPa. Above 18 GPa,the bands weaken and disappear at about 21 GPa inboth experimental runs due to the phase transition tothe rok salt struture [31; 32℄. Representative Ramanspetra of AlN in the low- and high-energy region asa funtion of pressure are shown in Fig. 1. Pressuredependenes of the E12 and E22 band widths are shownin Fig. 2.Figure 3 ompares measured and alulated pres-sure dependenes of the Raman frequeny for the E12mode of AlN. In our experiment, the pressure depen-dene of the E12 frequeny is weak but apparently pos-itive and linear up to 13 GPa in both runs. Above13 GPa, the �rst run data fall well on the low-pressuredependene, while the seond run data indiate a sud-den rise of the E12 frequeny. This is possibly assoiated
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Fig. 3. Comparison between the measured and alu-lated pressure dependene of the Raman frequeny forthe E12 mode of AlN. The squares are the �rst run data,obtained with ompressed helium as a pressure trans-mitting medium. The triangles are the seond run data,obtained with ethanol�methanol mixture as a pressuretransmitting medium. Solid line 1 is a linear �t of the�rst run data. Dotted line 2 is a guide for the eye. Line3 is the experimental dependene obtained in Ref. [21℄.Lines 4 and 5 are the alulated dependenes obtainedin Ref. [21℄ and Ref. [33℄, respetively. All data areshifted along the vertial axis in order that the ambientpressure frequenies oinide with the value 249 m�1obtained in our experimentwith solidi�ation of the ethanol�methanol medium, re-sulting in a nonhydrostati sample stress. Therefore,above 13 GPa, the �rst run data obtained in hydro-stati onditions with ompressed helium as a pres-sure transmitting medium are the most reliable ones.We note that solidi�ation of the ethanol�methanolmedium did not result in any detetable anomaly ofthe pressure dependene of the high-frequeny bond-strething modes (see Fig. 4). We believe that the non-hydrostati stresses result in a muh weaker response ofthese modes in omparison to their strong dependeneon the high hydrostati pressure.1124



ÆÝÒÔ, òîì 125, âûï. 5, 2004 On the high-pressure behavior : : :Table 1. Measured and alulated linear pressure oe�ients �0i [m�1 � GPa�1℄ obtained for the AlN Raman frequen-iesE12 A1(TO) E22 E1(TO) A1(LO) E1(LO)ExperimentPresent 1 0.05(1) 3.8(2) 4.9(2) 4.5(1) � �Present 2 0.05(1) 4.3(2) 4.65(3) 4.55(6) 4.0(1) 3.6(7)[21℄ 0.12(5) 4.4(1) 4.99(3) 4.55(3) � 4.6(1)Calulations[33℄ �0:29 4.29 4.79 4.36 � �[21℄ �0:03 3.0 4.2 3.8 3.5 4.0
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0 5 10 15 20 25Pressure, GPaFig. 4. The measured pressure dependene of the Ra-man frequeny for the E22 and TO modes of AlN. Thesquares and irles are the �rst run data, obtained withompressed helium as a pressure transmitting medium.The triangles are the seond run data, obtained withethanol�methanol mixture as a pressure transmittingmedium. The solid lines are linear �ts of the �rst rundataThe mode pressure oe�ients �0i alulated usingthe linear least-square �t�i = �i0 + �0iP;

where �i is the frequeny of the mode i at the pressureP , are listed in Table 1. The E12 frequeny in the se-ond run was �tted only to 12 GPa. Our mode pressureoe�ients �0i are onsistent with the results reportedin Ref. [21℄, although with somewhat lower pressureslope for the E12 frequeny (see Table 1).Ab initio alulations [21, 33℄ give a weak negativepressure shift for the E12 mode of AlN. Nevertheless,the pressure oe�ient of the E12 mode is nearly zero,and the di�erenes between experimental and alu-lated pressure shifts are quite small on the absolutesale. The agreement between measured and alu-lated oe�ients of the E22 , TO, and LO modes is verysatisfatory (see Table 1).As we mentioned earlier, the bond-bending phononmodes of most tetrahedral semiondutors soften underompression and thus have negative Grüneisen parame-ters i. Table 2 ompiles experimental mode Grüneisenparameters obtained on the basis of the �rst- and theseond-order Raman measurements and inelasti neu-tron sattering for the bond-bending modes in a seriesof tetrahedral ompounds. The alulated Grüneisenparameters for diamond and BP are also displayed. Anegative value of i is observed in most ases exeptfor diamond, BeO, and AlN. For BP, alulations [36℄predit an exoti ombination of negative i for thebond-bending TA(X) mode and positive i for thebond-bending TA(L) mode. The E2 mode of SiC-6Hhas zero pressure slope and hene zero i, but thequadrati pressure oe�ient of the mode frequenyis negative [7℄. We thus see that AlN is one of themost stable materials with respet to the bond-bendingmode on ompression.Despite this, w-AlN undergoes a �rst-order phasetransition to the rok-salt struture at a rather lowpressure of 20 GPa. At the same time, SiC-6H and1125



E. V. Yakovenko, M. Gauthier, A. Polian ÆÝÒÔ, òîì 125, âûï. 5, 2004Table 2. Mode-Grüneisen parameters i for the bond-bending modes in a series of ANB8�N ompounds (W � wurtzitestruture, ZB � zin blende struture, D � diamond struture, L � hexagonal diamond struture)Material Struture Mode i RefereneExperimentCdS W E12 �2:7 [6℄InP ZB TA(L) �2:0 [6℄ZnO W E12 �1:8 [6℄GaAs ZB TA(L) �1:7 [6℄ZnSe ZB TA(L) �1:5 [6℄ZnS ZB TA(L) �1:5 [6℄Ge D TA(L) �1:52 [10℄Si D TA(L) �1:3 [3℄ZnTe ZB TA(L) �1:0 [6℄GaP ZB TA(L) �0:81 [2℄GaN W E12 �0:426 [8℄SiC-6H Hex. E2 0.0 [7℄BeO W E12 0.04 [20℄AlN W E12 0.04 This study0.10 [21℄C D TA(X) 0.4 [19℄CalulationsC D TA(X) 0.3 [34℄C D TA(L) 0.17 [34℄C L E2u 0.16 [35℄BP ZB TA(X) �0:64 [36℄�0:27 [37℄BP ZB TA(L) 0.121 [36℄w-BeO, whih have nearly the same values of i forthe bond-bending E2 modes as AlN, preserve thetetrahedral strutures up to the pressures as high as100 GPa [38℄ and 140 GPa [39℄, respetively. This ob-viously indiates that the appliability of Weinstein'sempirial orrelation rule [4; 6℄ is limited.The pressure behavior of the bond-bending modesof tetrahedral semiondutors an be eluidated interms of the pressure-sensitive balane between sta-bilizing and destabilizing ontributions to the restor-ing fore onstants [15℄. This balane, in turn, anbe traed bak to the atomi on�guration of the on-stituent atoms, as this has been done in the analysis ofthe thermodynamial stability of the diamond phase ofarbon [40℄. However, this issue is beyond the sope ofthe present report and will be disussed in a following
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