PHYSICAL REVIEW B VOLUME 56, NUMBER 5 1 AUGUST 1997-

Raman- and infrared-active phonons in hexagonal YMnG;:
Experiment and lattice-dynamical calculations
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Raman-scattering and far-infrared-transmission spectra of hexagonal YNBpgace groupP6;cm) are
reported and discussed. In the Raman spectra measured in several exact scattering configurations, lines of
A, (at 148, 190, 2575300, 433, 459, and 681 cnt), E, (at 376, 408, and 632 cit), andE, (at 135, and
~215 cm 1), symmetries have been observed. Maxima in the infrared absorption have been found at 211,
238, 265, 281, 308, 398, 428, 457, 491, 596, and 612 tnAn assignment of the phonon lines to definite
atomic vibrations has been made on the basis of their symmetries in close comparison with results of lattice-
dynamical calculations for YMn@ in its ferroelectric P6;cm, Z=6) and high-temperature paraelectric
(P63/mm¢ Z=2) phases[S0163-18207)06329-7

I. INTRODUCTION symmetry and/or by comparison with the results of lattice-
dynamical calculations for both the ferroelectrie@zcm)
The rare-earth and yttrium manganité&inO5, for R and the high-temperature paraelectrie6g/mm¢ struc-
with smaller ionic radius R = Ho, Er, Tm, Yb, Lu, Y tures.
crystallize in hexagonal structurEspace groupP6i;cm
(Cgv), Z=16], whereas the compounds withof larger ionic Il. SAMPLES AND EXPERIMENTAL

radius R - La, Ce, Pr, Nd, Sm, Eu,lGGd, Tb, OQEWQ The samples investigated were prepared by the solid-state
orthorhombic [space grquanme(DZh , Z=4]. ._A reaction technique at ambient pressure. Cation oxides of
hexagonal-to-orthorhombic phase structu_ral transition cag ,05 (99.99% and MnO, (99.99% were thoroughly
also take place upon annealing under high presSifiee  mixed in a 1:2 molar ratio to achieve the cation stoichiom-
hexagonaRMnO; compounds belong to the class of ferro- etry of YMnO,. The mixture was then compacted and calci-
electromagnet materials characterized by the coexistence @fted in air at 1100 °C for 13 h. The reacted product was
magnetic, and ferroelectric ordering3his is not the case in ground, compacted, and reheated at 1100—1300 °C for 12 h
the orthorhombicRMnO; compounds where the magnetic to ensure homogeneity. The powder x-ray-diffraction data
ordering also occurs but not the ferroelectric one. The propshow that these polycrystalline samples are single phase of
erties of manganites attracted significant interest since colosiexagonal YMnQ within a resolution of~3%. The lattice
sal magnetoresistance was observed R3_,A,MnO4 parameters ara=6.13 A andc=11.4 A, in agreement with
(A=Ca, Sr, Ba® Recently, clear indications for coupling previous report$! Some single crystals of hexagonal
between the ferroelectric and magnetic orders have beeiMnO; were also obtained by heating the above stoichio-
found in YMnO,.” metric oxide mixture of YMnQ in Bi,O3 flux at 1200 °C
The variations of Raman and/or IR phonon spectra withfor ~48 h, followed by a slow cooling to room temperature
magnetic, and ferroelectric orderings can help understand thever a period of 24—40 h. Plateletlike single crystals with the
interplay of structural, magnetic and ferroelectric propertiesc axis perpendicular to the surfaces, according to the x-ray
However, with the exception of an earlier work on infrared diffraction results, were found to grow on top of the melt.
absorptior?, no results concerning Raman or IR phonons inThe size of these crystals was4 x 4Xx0.05 mn¥.
RMnO; compounds are available. In this work we present The Raman spectra were obtained at room temperature
results of our Raman and infrared absorption studies on hexwith a Mole S3000 triple spectrometer, equipped with a Si-
agonal YMnG; [Ty,=80 K, Tg>900 K (Refs. 5 and §. diode array and a microscope. The 514.5 and 496.5 nm
The experimentally observed lines from the Raman and farAr * laser lines were used for excitation, the laser power in
infrared-transmission spectra in the ferroelectric phase arthe focus spof2—3 «m in diametey being kept below 1 mW
assigned to definite atomic vibrations on the basis of theito avoid overheating of the sample. An objective >1.00
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cm~! by means of a Fourier-transform IR Bomem DAS8
spectrometer.

Ill. CRYSTAL STRUCTURE AND TI'-POINT PHONONS
IN HEXAGONAL YMNO 3

The unit cell of theferroelectric P6;cm structure is
shown in Fig. 1(left). This structure contains layers of
corner-sharing Mn@ bipyramids with a triangular base of
nonequivalent @) and Q4) atoms, whereas the(D and
O(2) are at the apexes. The MnD and Mn-Q2) bonds are
slightly tilted with respect to the axis. The Y2) and Y(1)
v/ atoms are between the bipyramidal layers. The elementary
- G @ o O cell contains six formula units. Table | summarizes the re-

P6,cm Yl Y2 Mn O P6,/mmc sults of a group-theoretical analySigor the I'-point phonon

modes of hexagonalR6scm) YMnOj. It follows from

FIG. 1. Unit cells of YMnQ; in its ferroelectric P6;cm (lefty  Table | that out of in total 60 I'-point modes
andparaelectric F63/mmc (right) phases. The correspondence be- (10A;+5A,+10B, +5B,+ 15, + 15E,), 38 (9A;+14E,
tween the oxygen atoms in the two structures is indicated. Empty- 15E,) are Raman active. The modes Af andE; sym-
circles stay for atoms outside the unit cell. metries are also infrared active, whereas the modeA,of

B,, and B, symmetries are inactivésilen) modes. Given
magnification was used both to focus the laser beam on th&at some crystallographic directions in the sample are
sample surface and to collect the scattered light. known and Raman spectra can be measured in some exact

The sample used for Raman studies was a plateletlik&cattering configurations, the symmetry of a line and hence
single crystal with top and bottom surfaces parallel to thethe symmetry of the corresponding Raman mode can be de-
ab planes. The thickness of the platelet was aboutud@  termined. For the scattering configurations available in our
¢ axis, and, with the microscope, Raman spectra could alsgxPeriments, modes of the following symmetries are al-
be obtained from the side crystal surfaces, which were partowed:
allel to thec axis. Therefore, Raman spectra could be mea-
sured inz(xx) z, z(xy) z, y(z2y, andy(x2)y scattering y(zz)y_—>A1(TO),
configurations, where the axis coincides with the axis,
and the mutually orthogona andy axes are located in the
ab plane. Comparative Raman studies of hexagonal y(xz)y_—>E1(TO),

YMnO 3 were also done using polycrystalline samples. In

that case the Raman signal was either integrated over several L

grains in the laser spot, or was obtained from a grain surface z(xy) z—E,,

of unknown orientation. Transmission spectra of YMNO

powder in Csl matriXweight ratio 1:30Q were measured at L

room temperature in the phonon range from 180 to 700 z(xx) z—A4(LO), E,.

TABLE |. Wyckoff notations, atomic site symmetries, and the irreducible representations for the atoms in
hexagonaferroelectric YMnO 5 [space groug?65cm, Z=6].

Wyckoff Site Irreducible
Atom notation symmetry representations
Y (1) 2(a) 5 A,+B,+E+E,
Y(2) 4(b) C; A+ A,+B;+By+2E;+2E,
Mn 6(c) C¢ 2A;+A,+2B,+B,+3E;+3E,
o(1) 6(c) Ce 2A;+A,+2B;+B,+3E;+3E,
0(2) 6(c) C¢ 2A;+A,+2B;+B,+3E;+3E,
03 2(a) Cs, A+B,+E+E,
0O(4) 4(b) C; A+A,+B;+B,+2E,+2E,

Modes classification

I'ramai= 9A, + 14E, + 15E, I'y=9A,+14E,
A— aix—i_ ailyfa;z [ gjien=5A,+10B, +5B,
Ei— aiz ) a%z T acousic= A1+ Eq

E,— ayy— Qyy, Qyy
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TABLE Il. Wyckoff notations, atomic site symmetries, and the irreducible representations for the atoms
in hexagonaparaelectricYMnO 3 [space groug?6;/mmg Z=2 ].

Wyckoff Site Irreducible
Atom notation symmetry representations
Y 2(a) D34(3Cs+30y) Aoyt Byt Eqt+Eyy
Mn 2(c) D3,(3C3+30y) A+ BigtEqtEyg
Oplane 2(b) D3,(3C3+30y) Agyt+Bigt+EqtEy
Oapex 4(f) Cgv(o'd) Alg+A2u+Blg+BZU+Elg+E1u+E29+E2u

Modes classification

I'ramar= Alg+ E1g+3E29 [y =3Az+3Ey,
Alg" ayxt ayy,a;; l_‘silent:SBlg"'ZBZU'FZEZu
Elg" Qyz,Qyz T acousiic= Az2ut Eqy

Eog— ax— ayy, ayy

A LO-TO splitting is expected for théd; andE; modes, by sums of long-range Coulomb potentials and short-range
as these modes may induce a nonzero dipole moment botfotentials, the latter usually chosen in the Born-Mayer-
parallel and perpendicular to the phonon propagation direcBuckingham form
tion.

Figure 1(right) shows the crystal structure of YMnQn V=aexp(—br)— < 1)
its high-temperature paraelectric phase space group ré’

P6s/mmc (Ref. 11. Although high-temperature Raman \nerer is the interionic separation. The parameterb, and

measurements were not performed in our study, the comy .o he derived from simpler, well-studied compounds and

pa.rative phonon mode a_nalysis and Iattic_e—dynamical CaICUt'ransferred to more complex on¥sThe deformations of the
lations for the ferroelectric and paraelectric phases make th

. ) X &lectronic density of the ions affect the frequency of the
assignment of experimentally observed Raman lines of ferroFIiglher energy modes and have to be accounted for. In the
electric YMnO; less ambiguous. Note that ti&;cm struc-

. . X shell model this is done in the dipole approximation repre-
ture can easily be obtained from the more simpleggniing each ion as a point core with charge Z coupled with
P6;/mmc by a _small rotation of the Mn© blpyramld_s a force constark to a massless shell with char@around
around axes which are parallel to one of the base-trianglg 11 free ionic polarizability, given by a=Q%k, is ad-
sides and pass through the Mn site. ) ditionally “dressed” by the ionic interactions.

The elementary cell of th®6s/mmc structure containS s ghell model parameters used in the calculations for

only two formula units, has two inequivalent oxygen siteSyy\ng . derived as described in Ref. 10, are presented in
(Op and Q,y), and only one site for Y and Mfsee Fig. 1 rape |1 To obtain the interatomic distances in the

and Table I}. The Y sites are now centers of inversion and P6,cm structure, we assumed that the relative atomic posi-

there_fore Y atoms cannot p_articipate in Raman-activg;q, s i YMnO; and LUMNG; are the same, and the data for
1;1—p0|r_1t prlwonons. Ngte ;?at Wh”i . tHéGijcm srt)gjcturc(je the former compound were obtained from the available data
there Is a large number ét-point phonon modes, &, and ¢, 1he |atter oné accounting for only the weak difference of
E, modes being bOtr? Raman- an hlnfrared.—actlve, Iln théhe lattice parametem=b andc. The relative atomic posi-
P6s/mmc structure the number of phonons is strongly ré-yiqng for the centrosymmetrie6s/mmec structure were ob-

duced and, if allowed in the Raman scattering, the modes Qined neglecting the deformations that result in the appear-

fort%ﬁden in the mf;are(_j absor:ptlon,l_and vice ve_rlsab q ance of nonequivalent Y, , and Q, atoms. To obtain the
. (;afsymth]etryo agiven p dqnon IN€ can gast|hy e etteré solute interatomic distances in this case we used lattice
mined from its appearance or disappearance in the spectra of o0/~ (1/\/§)a andc’ =c.

known scattering configurations. The assignment of a Rama
line of known symmetry to definite atomic vibrations, how-
ever, requires additional argumentation, such as atomic mass
and bond considerations or/and calculations of the lattice dy- Figure 2 shows the Raman spectra of hexagonal

namics. YMnO; (P6scm) as obtained iny(z2y, y(x2)y,

V. RESULTS AND DISCUSSION

TABLE lll. Shell-model parameters for YMn©
IV. CALCULATIONS OF THE LATTICE DYNAMICS

lonic

Calculations of the lattice dynamics of oxides within aon Z(le) Q(le]) a A% pair aeV) b (Al c(ev A

shell model yield valuable information about the phonon
eigenmodes and can be used to support the assignment of the 2.85 1.7 20 Y-O 1695 2.966 0
experimentally observed features in the Raman and infraregin 2.85 3.0 3.0 Mn-O 2020 3.345 0
spectra® This model is appropriate for ionic compounds, 0 -1.90 -3.0 20 O-O 22764 6.711 20.37
such as the oxides, because it describes the ionic interactioas
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© = bulk sample of (P6scm) in the phonon range between 190 and 700 ¢ém
- x0.05 - unknown orientation
2(')0 360 4(')0 560 6(')0 7(')0 (P63cm) of YMNnO ; differs by only small distortions from
RAMAN SHIFT (cm”) the centrosymmetric 65/mmg@ structure, and to each

I'-point phonon mode of the former structure one can juxta-
pose aP6;/mmc I'-point or zone-boundary counterpart
mode involving similar atomic motions. As the
eP63/mmc—>P63mc transition reduces the atomic site sym-
metries, the counterparts of some modes, otherwise Raman
y(xX)Y, z(xy)z_, andz(xx)z_scattering configurations. Fol- maptwe in the parenP63/mmc s'tructure, become Raman
lowing the considerations of Sec. II, the experimentally ob-active in P6éscm. In  particular, the following
served lines at 148, 190, 257,300, 433, 459, and 681 cm P65/mmc— P6smc phonon mode correlations are valid:

~1 are ofA; symmetry, those at 376, 408, and 632 chare

FIG. 2. Raman spectra of YMnQsingle crystal P6;cm) in
various scattering configurations. The spectrum of polycrystallin
YMnOj5 is also shown.

of E; symmetry, and the lines at 135 and215 cm ! are of Ag—A1, Eig—Er, By By,
E, symmetry.
The spectrum of infrared optical density between 190 and Ax—A1, Ep—E; Ey—E;.

700 cm ! of YMnO3 in the Csl matrix is shown in Fig. 3.

The spectral line shape has clearly pronounced absorption Given that the distortion is small, it is plausible to expect
maxima and can be fitted in a rather good approximation byveak polarizability modulation and hence low Raman inten-
11 Lorentzians centered at 211, 238, 265, 281, 308, 398, 428ities for theseA;, E;, and E; modes, which correspond,
457, 491, 596, and 612 cnt. The symmetry of the lines in respectively, to the Raman-inactivl,,, Ej,, and Ej,
the infrared spectrum, however, is unknown. modes in the parenP63/mmc structure. In contrast, the

A comparison of the spectra of Figs. 2 and 3 shows thatA; and E; modes, which correspond to the Raman-active
as a rule, the strong lines in the Raman spectra are not seéng andE;4 modes inP63/mmg should give rise to much
in the infrared absorption anslice versa Therefore, the stronger lines in the Raman spectraR8;cm.
structure behaves like a centrosymmetric. Another interest- In a similar manner, some conclusions concerning the
ing observation is the existence ofAg line (at 681 cmi'!) infrared-active modes in thB6z;cm structure can be drawn
and aE; line (at 408 cmi 1) which are much stronger than by considering the correspondence betweenRBgcm and
the remaining lines oA; andE; symmetries, respectively. parentP6;/mmc modes. The integrated absorptitor os-

To explain these peculiarities which are of key impor- cillator strength related to an infrared-active phonon mode
tance for the phonon line assignments we mention here thatia proportional to the induced polarization. It is plausible to
phonon mode is a Raman-active one provided its atomic digexpect that with respect to their absorption coefficients, the
placements modulate the macroscopic polarizability. ThéA; and E; (P6;cm) modes with infrared active\;, or
stronger the phonon-mode-induced polarizability, the higheE,, counterparts ifP6;/mmcwill be stronger than thé\,
the intensity of the corresponding Raman line. Fordlient ~ andE; modes with infrared-inactivé, 4 or E;4 counterparts
and infrared activéin a centrosymmetrical structyrmmodes, in P63/mmc We note here that the LO-TO splitting de-
the atomic-motion-induced polarizabilities are mutually pends linearly on the mode’s oscillator strength and these
compensated within the elementary cell and these modes aiafrared-active modes characterized by large LO-TO split-
Raman inactive. The noncentrosymmetric structurdings (oscillator strengthswill give rise to stronger infrared
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TABLE IV. Experimental and calculated values of the Raman and infrared mode frequéirties
cm™1) in hexagonal YMnQ [space group363mc(cgv)] and description of the atomic displacements.
y, andz mean the directions of the displacements of the atoms. In the last column are given the symmetries
of the corresponding modes in tf6;/mmcstructure(see Table V.

Mode Expt. Calc. Direction and sign of Corresponding modes
symmetry Raman IR TO LO largest atomic displacements Pég/mmc
A, 148 147 147 +2(Y1) -z(Y2)

A 190 204 216 rot.,(MnOyg)

A 257 265 222 269 +2(Y1,Y2) -z(Mn) A,y
Ay 297 299 301 x(Mn), z(O3)

A, 398 388398 +z(03) -z(04) +x,y(02) -x,y(01)

A, 433 428 423 467 +2(04,03 -z(Mn) A,y
A, 459 492 496 +x,y(01,02 -x,y(Mn)

A, 612 588 601 +2(01,02 -z(Mn) A,y
A, 681 662 662 +2(01) -z(02) Agg
E, 117 118 +X,y(Mn,03,09 -x,y(Y1,Y2) Eqy
E, 147 149 +x,y(Y1) -x,y(Y2)

E; 158 158 +x,¥(Y2) -x,y(Y1)

E, 211 212 231 +x,y(01,02 -x,y(Y1,Y2)

E, 238 233 245 X,¥y(Mn,03), (01,02

E, 281 250 337 +x,y(01,02 -x,y(03) Eqy
E, 308 353 367 +x,y(01,02,03 -x,y(04,Mn)

E, 376 390 403 +x,y(01) -x,y(02)

E, 408 410 415 +x,y(01) -x,y(02) =
E, 457 459 477 +Xx,y(04,03 -x,y(02,01,Mn

E, 491 492 527 +X,y(04,03,01,02-x,y(Mn) Eqy
E, 559 559 X,y(04)

E, 596 586 589 X,y(03)

E, 632 635 635 X,y(03) -x,y(04)

E, 71 x,y(Y1,Y2,Mn) E,,
E, 108 +X,y(Mn,03,09 -x,y(Y1,Y2) Ezq
E, 135 136 +x,y(Y1) -x,y(Y2)

E, 161 +x,y(Y2) -x,y(Y1)

E, ~215 212 +x,y(02,Mn) -x,y(01,03 E,,
E, 241 z(Mn,02,0)

E, 245 z(Mn,01,02

E, 302 336 +2(02) -z(01), x,y(04)

E, 382 +x,y(01,02,04,08-x,y(Mn) Ezg
E, 407 +x,y(01,09 -x,y(02,Mn)

E, 458 +X,y(04) -x,y(0O1,Mn) Ezq
E, 515 +x,y(04,03 +x,y(01,02

E, 557 x,y(0O4)

E, 580 x,y(04,03

E, 638 X,y(03,09

absorption bands. Further, an assignment of the experimef®6;mc— P6;/mmc counterparts can be found by looking
tally observed phonon lines to definite atomic motions can béor modes of similar atomic displacement shapes and close
done by comparison with calculations of lattice dynamics forcalculated wave numbers in Tables IV and V. The last col-
the P6;cm and P65 /mmcstructures and accounting for the umn of Table IV indicates which of thB6;cm modes cor-
considerations given above. respond to Raman- or infrared-active modes in the parent
Table IV shows that consistent with our expectations mosP6;/mmc structure. In Table V are indicated the modes
of the experimentally observed Raman lines do correspondith atomic displacements typical for a fréeBs bipyrami-
to modes of small or zero LO-TO splitting, while the pro- dal unit!® The latter assignment could be helpful for inter-
nounced lines in the infrared absorption rather correspond tpretation of Raman and infrared spectra of rare-earth allumi-
calculated modes of large LO-TO splitting. The nates and gallateswith YAIO 5;-type structure, see Ref.
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TABLE V. Calculated values of the Raman- and infrared-active mode frequeticiesr ) in hexago-
nal YMnOj [space grou?6;/mmdDyg,,)] and a description of the atomic displacementsy, andz mean
the directions of the displacements of the atoms. In the last column are given the notations for corresponding
vibrations in a freeABs molecule as described in Ref. 13.

Mode Calc. Direction and sign of Normal modes
symmetry TO LO largest atomic displacements in fABy (v;)
Alg 666 Z(Oap) Vo
Ao 170 270 +2(Y) -z(Mn, 0y, Oy
Aoy 389 439 +2(0p) -z(Mn) vy
Ao 594 605 +2(0gp) -z(Mn,0p) vy
Eig 402 X,Y(Ogp
Eqy 121121 +x,y(Mn,0p) -x,y (Y,04)
Eqy 239 383 +X,Y(Ogp)-X,¥(Y,Mn,0Op) vy
Eqy 496 545 +X,¥(Op)-X,y(Mn) Vs
Ezg 107 X,y(Mn,0Op)
Eaq 395 +X,¥(Ogp -X,¥(Op,Mn)
= 498 +X,¥(Op) -X,¥y(Mn,04)
= 83 X,¥(Y,04)
Eay 244 X,Y(Ogp X,y(Y)
14), isostructural to the YMn@ high-temperature phase. lines at 265, 281, and 308 c¢M, which differ in wave num-

The A; Raman line at 681 cm!, which is dominant in  bers by+16, + 11, and— 15 %, respectively, from the val-
the zz and xx spectra, corresponds to the sinl€;/mmc  ues obtained in calculations of lattice dynamics.
Raman-active mode d@%;4 symmetry. The main atomic mo-
tions involved are stretching vibrations of() and Q2)
atoms along the direction. Note that the zero LO-TO split-
ting of this mode is also experimentally confirmed as no In conclusion, Raman and infrared spectra of the hexago-
difference in the line position in thez(TO) andxx(LO) is  nal ferroelectric YMnQ were analyzed in close comparison
detectable. TheE; line corresponding to theE;;  with results of lattice-dynamical calculations for the noncen-
P6s/mmc mode[O(1),0(2) vibrations in theab planegis  trosymmetrical P6;cm and centrosymmetricaP65;/mmc
at 408 cm ! and is the strongest one in th& Raman spec- structures. The satisfactory agreement between experimen-
trum. As to theE, counterparts of the threle,; P6;/mmc  tally measured and calculated phonon wave numbers allowed
modes, they seem to be of very low intensity and could nous to assign most of the observed lines to definite phonon
be detected in th&y andxx spectra. modes.

The Raman lines of\; symmetry at 148 cm® and of
E, symmetry at 135 cm? also deserve special mention be-
cause, although they are the strongest ones after the 681
cm™! line, their appearance does not follow from direct We would like to thank Y. Y. Sun for x-ray diffraction
comparison of theP6;cm and P63/mmec I'-point modes.  data, C. Kinalidis for electron microprobe analysis, and A. P.
Actually, as indicated in Table IV, these modes involve mo-Litvinchuk for useful discussions. M.V.A. acknowledges the
tions of mainly Y(1) and Y(2) atoms along the axis and in  financial support from the Alexander von Humboldt Founda-
the ab plane, respectively. The corresponding modes in thaion (Bonn, Germany This work was supported in part by
P6s;/mmcstructure are zone-boundary modes. NSF Grant No. DMR 95-10625, T. L. L. Temple Founda-

Given that the symmetry of the infrared absorption linestion, the John J. and Rebecca Moores Endowment, and by
is not known, the assignment given in Table IV for some ofthe State of Texas through the Texas Center for Supercon-
them is only tentative. This is particularly the case for theductivity at the University of Houston.

VI. CONCLUSIONS
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