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Raman effect and structure of YH; and YDj thin epitaxial films
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The first-order Raman spectra of ¥ldnd YD, thin epitaxial films deposited on CaBubstrates have been
studied in the temperature range from 4 to 300 K. Several rather broad Raman lines froimaydibeen
found. The linewidth becomes smaller with decreasing temperature and the lines are very distinct and sharp at
4 K. No indications for phase transitions are found. Isotopically exchanged samples give a clear indication that
YHj is at the origin of the Raman lines. Polarization resolved measurements together with a factor group
analysis for all suggested crystal structures of;Yéleals the number and the symmetry of the phonon modes.
The number of observed; modes is not compatible with R3cl structure. Calculations of the angular
dependence at different inclination angles result in predictions for characteristic intensity patterns for the
suggested crystal structures. The measured angular intensity pattern show no indicatidA8dbrsaructure.
In measurements at different inclination angles new Raman lines appear, which points tow&gsnaor
P65 structure. Also the comparison of the energies of the lines in the Raman and in IR spectra promotes the
picture of a noncentrosymmetric structure suchP&scm or P6;.
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. INTRODUCTION tion peaks. Experiments with an epitaxial thin film of Ybh
CaF, showed none of these additional featuftes.

Since the discovery of their novel switchable optical prop- In this paper we present measurements of the Raman ef-
erties the hydrides of yttrium and other rare-earth metal$ect in YH; and YD; films. Since the first order Raman lines
have been the subject of increasing research. The completeylow a very precise determination of zone-center optical
reversible transition from a shiny metal to a transparent inphonon energies, this gives reliable information for more re-
sulator, which is achieved simply by hydrogenation of an Yalistic models and thus might help to come to better theoret-
film, offers a great potential both for practical applicationsical descriptions of this material. Moreover, because of the
and for basic investigations. strong dependence of the number, intensity, and polarization

Generally it is believed, that in the hydrogenation proces@f the Raman lines on the crystal structure of a material, it is
of an yttrium film three different phases are involve@he possible to check whether or not a suggested crystal structure
starting point is the hexagonal closed packed structure df compatible with the observations.
metallic Y, where hydrogen exists only in solid solutitm

phase. Above a hydrogen content af=0.23 in YH, the « Il. THEORY
phase coexists with a fcc-based, still metgBiphase. In the ) o
region betweex=1.8 andx= 2.1 only theg phase is stable. The Raman and infrared activity of phonon branches de-

If the hydrogen content is higher tham=2.1 a hexagonay ~ Pends only on their symmetries and general selection rules.
phase starts to form, which is the only stable phase abovEnergy and momentum conservation limits the first order
x=2.75. A metal-insulator transition occurs for~2.75  Observation of phonons in Raman and infrared spectroscopy

which is, however, not believed to be driven by the structuraf© the center of the Brillouin zone. Here all optical phonons
phase transitiof. are standing waves and the unit cells vibrate in phase. There-

So far, a reliable theoretical model of this metal-insulatorfore the number of phonon branches, their symmetry and the
transition is not available. One of the prerequisites for themotion pattern of the atoms in the unit cell can be estml1ated
development of such a theoretical description would be théVith an analysis of the factor group of the unit cell ofity:
knowledge of the crystal structure of the YEIms. Whereas 1 his calculation is performed in the first part of this section.
the structures of the and 8 phase are known, this is not the With the information about the symmetry the polarization of
case for YH. Several different structures for have been the Raman lines and the angular dependence of the intensity
proposed from different groups: From early x-ray diffraction IS then derived in the second part. Thl_s enables the identifi-
experiments a simple hcp structure was inferred. Neutroation of the symmetry of the phonons in the Raman spectra.
powder diffraction studiés’ found, that the symmetry is
more likely P3c1. Later the same authors argued, that a A. Factor group analysis

P63cm structure is also compatible with their experimental  Eqr the factor group analysi&GA) the space group and
data’® LDA band structure calculations from another groupihe site occupation of the material under investigation has to
claimed that the structure with the lowest energy Ps  pe known. This information is collected in Table | for the
symmetry?’ For theP3c1 structure this group did not find various structures proposed for Ytdnd in Table II for the

an energy gap in YH In neutron diffraction experiments other materials and phases of yttrium and hydrogen possibly
YH3 with P63 symmetry should exhibit additional diffrac- present in the samples. This is necessary because all parts of
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TABLE I. Input data for the FGA of YH.

Space group  No. Schilies  Atoms/unit cell Site occupatin Reference

P6smmc 194 Dgh 8 Y on 2c, H on 2a+4f Simple hcp structure claimed earlier
from x-ray diffraction

P3cl 165 D‘3‘d 24 Y on 6f, H on 2a+4d+12g Derived from neutron diffraction ex-
periments(Refs. 2, 3

P6scm 185 cd 24 Y on &, H on 6c+6¢c+4b+2a Also compatible with the neutron
diffraction data(Refs. 4, 5

P63 173 Cg 24 Y on 6¢c, Hon 6c+6¢+2b+2b+2a  Theoretical lowest-energy structure

from LDA calculations(Refs. 6, 7

aSee, for example, the tables of Wyckoff positions on the Bilbao Crystallographic S&etrl2.

the samplésubstrate, film, cap layer, metallic Y, ¥Hmight  any lines. The lines from pure Y and Cafire known® and
contribute to the signal and show their own specific Ramarare located at 88.5 and 322 ¢ respectively, while no
lines. Raman data on Y}lexists to our knowledge.

In the center of the Brillouin zone all normal coordinates
can be classified according to the irreducible representations
of the point group of the crystal. This is due to the fact, that
all normal coordinates are mapped on themselves by the use With the knowledge of the symmetry species of the
of one of the symmetry operations of the symmetry group ofphonons for all structures, the polarization and the angular
the crystal and therefore form a basis ofreducible repre-  dependence of the intensity of the Raman lines can be cal-
sentation of this group? With standard group theoretical culated. The intensity of a Raman line depends on the po-
methods the number and type of irreducible representationarizationse ande of the incident and scattered light and the
of the factor group can be calculatgd. Raman tensoR,, by

The results for YH are listed in Table Il and for the
other materials in Table IV. The possible structures of;YH

can be divided into two groups: tHe6;mmcand theP3cl |~
structures have inversion symmetry, wherd2&;cm and
P65 do not. In the first group all Raman active phonon
modes are not infrared active and vice versa. In contrast, for The Raman tensorg,, for all Raman active phonon
the second group tha-like and the doubly degenerat&  symmetry species in all point groups are tabulat8d*and
phonons are both infrared and Raman active. This offers the relevant tensors for the different structures of;¥ad
possible way of distinguishing experimentally between thefor the other materials are collected in the Tables V and VI,
first and the second types of structures: if one can findespectively.
phonons of the appropriate symmetry species at the same A given scattering geometryeduces the possible values
energy both in Raman and infrared spectra ofsYlthen  of ¢ ande,. According to Fig 1 a 180°-backscattering con-
there cannot exist a center of inversion symmetry and therefiguration was used in our case. The scattered light always
fore one of the structures of the second group is the corregiropagates back in the opposite direction of the incident
one. The number of phonon modes is the maximum numbeéight. The sample normal deviates from the beam direction
of observable lines. Some of the Raman lines might be todwy an angle$, which was chosen to be 0° or 45° in our
weak to be seen in the spectra and the difference in energy ekperiments. The sample could be rotated around its surface
others might be too small to separate them. However findingiormal to study different directions in the crystal. Since the
more lines in the spectra then allowed for a given structuregirections of the incident and the scattered beam are collinear
shows that the structure cannot be correct. we have two main configurations for the polarization vectors.
The analysis of the other materials shows, that there i$f they are parallel to each other we denote this fact with
only one Raman active line from pure Y and also only oneand if they are perpendicular with. Experimentally the two
from YH, and Cak. The Pd cap layer should not produce cases are realized with a fixed polarizer in front of the en-

B. Polarization of the Raman lines

2
Y e'R,,€l

p.O=X.Y,Z

TABLE Il. Input data for the FGA of metallic Y, YK the Pd cap layer and the Casubstrate.

Material Space group No. Schities Atoms/unit cell Site occupatiafiRef. 12
Y hep P6;mmc 194 Dy 2 Y on 2¢

YH, fcc Em3m 225 o;, 3 Y on 4a, H on 8

CaF, fcc Fm3m 225 o;, 3 Caoné, Fon&

Pd fcc Em3m 225 o;, 1 Pd on 4
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TABLE lll. Results of the FGA for YH. Translational components are subtracted.

Space group Raman active modes IR active modes Silent modes
P6smmc Ag+Eg+2E,, 2A,,+ 2E,, 2B+ 2B,,+2E,,
P3cl 5A4+ 12E, 6A,,+11E,, 5A1,+7Ay,

P65cm 7A,+11E,+12E, 7A,+11E, 4A,+8B,+4B,

P6; 11A+11E, + 12F, 11A+11E, 12B

trance slit of the polychromator and a Soleil-Babinet com-Therefore, especially thE; phonons may appear in the 0°
pensator which changes the polarization of the light emittecgpectra, since their intensity is zero only exactly for scattered
by the laser. light traveling back along the direction of the surface normal.
The vectorse, ande are defined in the coordinate system  The full dependence of the intensity on the inclination
of the crystal. For the case of cubic systems the three bas@ngle ¢ is displayed for all phonon species and for parallel
vectorsxg,X;,X, are the same as the three cubic axes, fopolarization in Fig. 2. At 45° the intensity of thE,-like
hexagonal and trigonal casgg is parallel to thea axis, x; phonons is maximal. Additionally it can be seen, that the
lies between tha axis and the §+ b) axis andx, is parallel  three-fold pattern of the intensity of tHg, phonons in the
to thec axis, which is the surface normal in our case. Thesep3c1 structure is the normal case for every inclination angle
axes are identical with the principal axes chosen by Nye. except 0°.
The results for the angular dependence of the intensities

for the different structures are displayed in Table V. For all IIl. EXPERIMENTAL DETAILS

four possible configurationsf(=0°, IIl; $=0°, L; ¢=45°,

I; ¢=45°, 1) the dependence on the angle of rotation of the A. Samples

sample about its surface normal is shown. Only within one  Epitaxial yttrium films with a thickness of 200 nm were
line of the table is the axis scale kept constant. rown on(111) Cak, substrates at 700°C as described in

It is possible to distinguish between the three types oRefs. 16 and 17. The yttrium source waseagun evapora-
symmetry species in all suggested structures og.YAlike  tjon system. The base pressure during the deposition was
phonons are alway$ polarized, wherea&;, E;, andE;  |ower than <10 °®mbar. The thickness of the films was
phonons have an intensity in both polarization directionsmeasured with a water-cooled quartz microbalance. To pro-
Therefore no angular resolved measurements are necessag¢t the yttrium films against oxidation, they were covered
to identify A-like and E-like phonons. TheE; phonon in with a 20 nm Pd protective layer. This cap layer was depos-
P3cl behaves somewhat like the, phonon in the other ited at room temperature to prevent any alloy formation with
structures, but shows a threefold pattern in the 45° configuthe yttrium. The quality of the yttrium epitaxial film was
ration. However the ratio between the biggest and the smalmeasured in situ by reflection high energy electron diffrac-
est intensity might be close to one, if either the comporent tion (RHEED). The RHEED patterns showed sharp streaks,
or d in the Raman tensor is close to zero. This corresponds t&ikuchi lines and second order diffraction evidencing the
only very small differences betwed?3c1 and other struc- high crystallinity of the yttrium layer.

tures. To distinguish betweds, and E, phonons it is nec- .
essary to change from the 0° orientation to the 45° orienta- B. Hydrogen loading

tion. If the intensity increases, it is &y phonon, otherwise The samples were loaded with, ldr D, and measured in
an E, phonon. If the structure i®3c1, we should not ob- a variable temperature He cryostat. The cryostat was oper-
serve an increase in intensity Bflike phonons and no new ated with ~20 mbarH or D, as contact gas for measure-
lines in the spectra as we go from the 0° orientation to thements above 70 K and with He below that temperature.
45° orientation. Some room temperature measurements were performed at a
It should be noted, that because of the wide acceptandeydrogen pressure of 1 bar to ensure a maximum loading of
angle for the scattered light the selection rules in the experithe sample. The purity of Hand D, was 99.999 and 99.7 %,
ment may not be as sharp as assumed in the calculatiorespectively.

TABLE IV. Results of the FGA for metallic Y, YH Pd, and Caj Translational components are

subtracted.

Material Raman active modes IR active modes Silent modes Remarks

Y hcp Eaqg Big Only one Raman linéRef. 13 at 88.5 cm*
YH, fcc Fog Fiu Only one Raman line, but not in literature
CaF, fcc Fog Fiu Only one Raman line at 322 cmh

Pd fcc No Raman or IR active phonons
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TABLE V. Raman tensors and angular dependence of the intensity of the scattered light for the Raman
active phonon modes of Y44 The scattering geometry is 180° backscattering along #éas (0°) or with an
angle of about 45° to the axis according to Fig. 1l. and.L refer to the position of the analyzer parallel and
perpendicular to the laser polarization, respectively. The angular dependence is calculated for a rotation of the
sample about its own axis.

Symmetry Raman tensors® Intensity 0° Intensity 45°
1
a 00
A:{0a0 _
00%b
000 0 0 —¢
P6smme E,:|00¢],|]0 0 0 —_—
0coO -0 0
0d0 d 0 0
Ey:{doo0|,[o-do
000 000
a 00
Ag: |0 a0 o
00%b
_ c 0 0 0 —c —d
P3cl Eg:10 —cd),[—c 0O 0
0 0 -d 0 0

Ar:

(
S
(

|
|

SO TODOO | O

+O0+0040 + OO
e ey e |

00 ¢ 0 0 —
Pé; Ey:f00dl,[0 0 ¢
cdO —-dc O
e [ 0O f —-e O
Ey:{f —e0],|—e —-f 0
0 0 0 ¢ 0 0
C. Raman spectrometer ference filter to remove residual plasma lines and then fo-

The Raman spectra were recorded with a homemade R&USed onto the sample with a cylindrical lens. The laser
man spectrometer, operating with a triple grating polychro-Power was 600 mW for all measurements, but due to losses
mator and a liquid N cooled scientific CCD camera. As in the interference filter only=50% reached the sample. To
excitation radiation the 514.5 nm line of an Ataser was Obtain the maximal intensity of the weak Raman lines all
used. The laser light was filtered ugia 2 nm FWHMinter- ~ samples were measured through the transparen} aif~

TABLE VI. Raman tensors and angular dependence for the Raman active phonon modes of ¥nd¥H
CaF,.. The scattering geometry is 180° backscattering along tes for Y and along th€111] direction for
YH, and Cak.

Material Symmetry Raman tensors® Intensity 0° Intensity 45°

I L I L

0d0 d 00

Y hep P6zmme Ex:{doo]|-]l0-do @ @ % %
00

000 00d 0do

CaFy, _
Fmam Fg:lo0d|.|D00}:]d00
YHa

0d0 d 0o 000
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0° parallel 0° perpendicular 45° parallel 45° perpendicular
orientation orientation orientation orientation

FIG. 1. Scattering configura-
tions for the calculation of the an-
gular dependence of the intensity.
In all four configurations 180°
backscattering is realized. For the
angular dependence only the
sample is rotated about an axis
perpendicular to the surface.

laser scattered laser scattered laser scattered laser scattered
light light light light

strate from the back side. This avoided losses due to absorpn a cone around the axis. However, due to the wide ac-
tion in the Pd cap layer, which would have to be passedeptance anglé35°) for the collected scattered light the se-
twice by the light—once by the laser and once by the scatlection rules may not be as sharp as calculated in Sec. Il, and
tered light. The spectrometer was calibrated with an Ar specsome forbidden components may appear in the spectra. In
tral lamp and high precision spectral line data from NISTorder to achieve an angle of 45° between thexis and the
(Ref. 18 to achieve a very accurate calibration. In our casepropagation direction of the light inside the sample, it is
an accuracy of better thahl cm ! was achieved. The usual necessary to know the refractive index of YHit the laser
natural line width of the spectrometer was about 6 ¢tm wavelength. The optical constants were measured by Lee
FWHM. For polarization resolved measurements, the direcet al® for the infrared and visible range. From these data the
tion of the laser polarization was rotated with a Soleil- refractive index can be estimated to be approximately 1.2 for
Babinet compensator. The direction of the analyzer in fronta wavelength of 515 nm. Therefore an angle of incidence of
of the polychromator was kept constant, since the polychroabout 60° is necessary outside the sample, to achieve an
mator itself showed a strong polarization dependence of itinclination of 45° to thec axis inside the sample.
grating efficiency.

E. Raman lines from H, or D, gas and plasma lines

D. Scattering geometry To determine the origin of the observed Raman lines,

For all measurements a 180°-backscattering geometry wakeir spectral positions were compared with the known posi-
used as indicated in Fig. 1. Since the crystallinity of thetion of laser plasma excitation liné$.Since some of the
samples is very good, one can assume that for an angle afieasurements were performed in ap ¢t D, atmosphere
incidence of 0° the light propagates along thexis of the  also rotational Raman lines from the molecular gases appear
hexagonal structure and for 45° the vector of incidence liesn the spectra. These lines can easily be identified by their

. 77
7 HERRRNR
A ‘.‘\}R\\\“\\\\\\
LR
““",ﬁ'

nan

45

FIG. 2. Full angular dependence of the intensity for the five different symmetry species of Tables V and VI in parallel polarization. The
angle ¢ is varied between 0° and 90° and the sample is rotated about its surface normal.
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L L T A IV. RESULTS AND DISCUSSION

Our measurements showed no Raman lines at energies
above 1400 cm'. Also from measurements of the phonon

Y 200 nm density of states with inelastic neutron scattefitfgit is
T at1BarH, known that all phonons have energies below 1400 tm
N Therefore in the following presentation of the experimental
Zz Y 200 nm results the spectral range is limited to 0—1500 ¢m
é as grown

A. Room temperature spectra

CaF, annealed Figure 3 shows the room temperature Raman spectra of a
5hat700°C pure Cak substrate, an as-grown Y film and the same film
after 1 h loading with B at 1 bar. For this comparison a
_14'00 : _12:00 . _1(;00 . -860 : -eloo : _4'00 : _260 — substrate was usec_i, _vvhich was cleaned and annealed at
, 700 °C for 5 h in a similar manner as the substrates used for

—— Wavenumber (cm ) the growth of the Y film. The main feature in all three spec-

FIG. 3. Comparison of the Raman spectra for an annealed Caf’@ is the Cak line at 322 Crﬁ_l- Some additional small and
substrate, an as-grown 200 nm Y film capped with 20 nm of Pd an@road lines already appear in the spectrum of the substrate.
the film loaded with 1 bar of klat room temperature. Rotational These lines are very weak or even not present in normal
Raman lines from the fHatmosphere are visible in the spectra as Cak, crystals and are likely due to defects and especially
sharp peaks and are marked with an asterisk. The numbers indica@npty fluorine sites formed during the annealing proégss.
the peaks according to Table VII. The Y film itself did not show any new peaks. When the film

was loaded several new lines arose, which are labeled by
very narrow spectral width. The energies are known fromhumbers in Fig. 3. The numbering of the peaks is held con-
literature? If H, is replaced by D the energies are not sistent throughout all spectra. Therefore, not all numbers ap-
shifted by the factor 12 as in the case of vibrational Raman pear in Fig. 3. The energies for the lines are collected in
lines from phonons or molecular vibrations, but by a factorTable VII. Some very sharp peaks are rotational Raman lines
of % This is due to the quantization of the molecular rota-from H, gas and are marked with an asterisk. The Raman
tional energyE, =j(j +1)42/20, where© =2myrf andjis  lines from YH; are rather broad at room temperature and
even forpara-H, and odd forortho-H,. For rotational tran- many of the lines are not clearly separated, as in the case for
sitions in homonuclear moleculesj is even and the lines lines 3 and 4; 5 and 6; and 8 and 9. The energies were
are equidistant in energy with a distance ®E=2%2%/0. estimated by fitting the spectrum with Lorentzians. Therefore
However, if bothortho-and para-H, are presentas is the the accuracy is not as good for the smaller peaks in proxim-
case herg lines are observed at a spacing SE=#2/0 ity of the stronger peaks as for the strong peaks themselves.
because the lines of the two species are interspaced. If hyFhe accuracy is given in Table VII for all lines. In the
drogen is replaced by deuterium the masg=2m, is H-loaded films also a line at 92.6 crhappears as shown in
doubled and the energy is divided by 2. Small deviationsFig. 4. The sidelobe of the laser line has been subtracted in
from this rule are due to centrifugal forces, which tend toFig. 4 to enhance the visibility. This line is the knotin
increase the interatomic distance,2and therefore lower the Raman line of metallic Y, which is normally found at 88.5
energy. cm™ L. The difference in energy can be explained by strain, if

TABLE VII. Spectral position and accuracy of the Raman lines for room temperatdré Krend for the
IR lines at 77 K. Line 7 is visible in Raman spectra only if the angle of incidence is 45°.

Bhonon Peak position for B (cm™Y) Peak position for B (cm™Y) R for H, (cmY
No. mode 300 K 4 K 300 K 4 K 77 K
1 E 153+3 153+2 153+ 3 154+ 2
2 Aq 178+1 188+ 1 184+5 187+1
3 Aq 466+ 10 443+ 2
4 A, 499+ 10 488+ 2 367+2
5 A 610+3 620+2 442+ 3 451+ 2 617
6 Aq 644+5 655+ 2 467+ 10 4775
7 E, 726+ 2 531+10 724
8 E, 751*+5 760+ 2 541+ 10 551+5
9 Aq 784+ 3 784+ 2 563+ 3 563+ 10 770
10 E,; 899+ 10 906+ 10 61710 63010 911
11 E,; 1283+3 1300+ 2 924+ 3 938+ 10 1290
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T T T T T T T
2 T
Y 200 nm H
at1barH, A
> >
3 Y hep £
c C
2 2
= 1 ‘ E
Y 200 nm
atibarD,
1 " 1 N 1 1 " 1 " 1 2 1 1 1 L 1 " 1 "
200 150 100 1400 -1200 -1000 -800 -600  -400 200 O
~—— Wavenumber (cm ) - ~—— Wavenumber (cm )

FIG. 4. The known Raman line from metallic Y in a loadedyyH  FIG. 5. Comparison of the room temperature Raman spectra for

film. The sidelobe of the laser line is subtracted here to enhance th@ l0ading with H and D,. Rotational Raman lines from the,tdr
visibility. D, gas atmosphere are visible in the spectra as sharp peaks and are

marked with an asterisk.

this line originates from small Y clusters embedded in an
oxide and therefore unable to hydride. The number of obformed. A comparison of the spectra for 300, 77, and 4 K
served Raman lines shows, that the simple hcp structure witban be seen in Fig. 6. Many new lines are visible at low
a small unit cell andP6;mmc symmetry cannot be correct. temperature due to their decreased linewidth and increased
In this structure only four Raman lines are allowed. intensity. All lines marked with numbers are also present in
spectra of YD at low temperaturénot shown. Sharp peaks
at 1120, 1160, 1021, 1002, and 990 choriginate from the
substrate and are visible only at low temperature. The ener-
To ensure that the origin of the Raman lines is the hydridejies fa' 4 K are again collected in Table VII together with
and not impurities(for example of fluorings YF,) in the  the errors estimated from the fit process. The smaller width
films, and to find out the contribution of Y and H to the of the peaks allows the determination of the energies at 4 K
vibrations we measured isotopically substituted samples. Fakith better accuracy than at 300 K. The difference between
this purpose an Y film was loaded in 1 bar of.O'he re-  the spectra taken at 77 &# K is notvery large. Directly in
sulting spectra are compared with those for hydrogen loadethe laser focus the temperature is expected to be somewhat
samples in Fig. 5. From the theory one would expect a shifhigher than 4 K. It is difficult to determine the exact tem-
of vibrational Raman lines by a factor ofV® because of the perature, since the usual method, the measurement of the
double mass of deuterium compared to hydrogen. The exntensity ratio of anti-Stokes and Stokes lines, cannot be used
periment shows indeed a dramatic change in the spectral pelow 70 K due to the exponential decrease of the anti-
sitions of the lines. From the ratios of the intensities the lines

B. Isotope-exchange measurements

can easily be related to those of a hydrogenated sample. Thi~
is also shown in Fig. 5. Only lines 3 and 4 are hidden under
the strong Cafline. The lines designated with 1 and 2 stay
nearly at the same position. This shows that their origin is a
vibration of Y atoms in the YK phase. The shift from the
original positiort® of 88.5 cm* for the E, phonon in hex-
agonal Y is remarkably large, but can be explained by the
big change in the size of the unit cebf YH; compared to
pure Y. The energies of the Raman lines of thezYdample
are collected together with their errors in Table VII. Some =
very sharp peaks in the spectra are again rotational Rama
lines from H, or D,. In contrast to the vibrational lines they
are shifted by the facto} as explained in Sec. IllE. These
lines are marked by an asterisk in Fig. 5. : 10

-1400  -1200  -1000 -800 -600 -400 -200 0
C. Low-temperature spectra ~—— Wavenumber (cm ™)

ntensity

Since all Raman lines from Y{are rather broad at room FIG. 6. Raman spectra of an 4Hilm taken at room tempera-
temperature, low temperature measurements at 77 K and attdre, at 77 and at 4 K. The numbers indicate the peaks according to
K and temperature resolved measurements have been p@mble VII.

134109-7



KIEREY, RODE, JACOB, BORGSCHULTE, AND SCHOENES PHYSICAL REVIEW@ 134109

280K
260K
240K
220K
200K

180K
160K
140K
120K
100K

1
77K
Substrate te 's 11 10 8 perpendicular
1 1

parallel

Intensity
Intensity

" " 1 " " 1 1
900 -850  -800  -780 700 -650  -600  -550 -1400 -1200 -1000 -800 -600  -400 200 0

El
-—— Wavenumber (cm ™) -—  Wavenumber (cm '1)

FIG. 7. Evolution with temperature of the Raman lines of 3YH FIG. 9. Polarization resolved Raman spectra of ans Yiin
in the region around 600 and 800 cfand a Raman spectrum of 8 measyred at an angle of incidence of 0° and a temperature of 4 K.
pure Cak substrate for comparison. The line marked with an asterrpe Jjines present in the perpendicular measurement belong to
isk is a rotational Raman line ofjyas. E-like phonons. Line No. 8 belongs possibly to another symmetry
species than the oth&:like phonons due to its narrow linewidth.
Stokes intensity. Even for the strong Galine no signal
could be found for the anti-Stokes part. broad peak left to peak 10 is also present in a perpendicular
Figure 7 shows the evolution with temperature of theygarized spectrum of a pure Caubstrate. Because of the
peaks between 550 and 850 ¢ Obviously all lines are proximity of this big substrate line, the exact energy of peak
also present at room temperature, but they are rather broag is gjfficult to determine. Therefore the error for the energy
and diffuse. With lower temperature they become sharpef, Taple Vii is rather large. There is a remarkably large
and sharper and more distinct. We conclude that no phasgference in the linewidth for the-like phonons even in the
transformation occurs and produces new lines, but the lingg,,, temperature measurements. Together with the compari-

width decreases and the intensity increases. son between Raman and IR spectroso@sc. IV O one can
o conclude, that the narrow line No. 8 belongs to a different
D. Polarization resolved measurements symmetry species than the oth&tlike lines. The lines

The polarization of the Raman lines has been analyzeWhich appear only in the parallel configuration must haye
both at room temperature and at 4 K. The results are dissymmetry. The number o, lines in our spectra is 6 and
played in Figs. 8 and 9. The lines which are visible in thetherefore too high for #3cl structure(see Sec. Il A In a
perpendicular polarized spectra must h&vkke symmetry. P6;cm or P63 structure we have 7 or 11 Raman active
This is the case for the peaks Nos. 1, 8, 10, and 11. Thenodes, which is compatible with the measurements.

parallel

Intensity

Intensity

8 perpendicular

10

11

-1400 -1200 -1000 -800 -600 400 -200 0 M T T N S
- Wavenumber (cm ) -900 -850 -800 -750 -700 -650 -600 -550

- —— Wavenumber (cm )

FIG. 8. Polarization resolved Raman spectra of an; ¥itn
measured at an angle of incidence of 0° and a temperature of 300 K. FIG. 10. Comparison of the Raman spectra of ar Yith mea-
The lines present in the perpendicular measurement belong teured at an angle of incidence of 0° and of 45° at 4 K. A new line
E-like phonons. (No. 7) appears at 45°.
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90

150 150

CaF,

180 Peak 9 180
paralel

paraliel

210 210

FIG. 11. Measured angular de-
pendence of the intensity for two
YH3 peaks and the Cafpeak at
room temperature. Peak 9 appears
only for parallel polarization,
whereas peak 8 appears in both
polarization directions.

270 270

150

Peak 8
parallel

Peak 8
perpendicular

180

210

270 270

E. Different inclination angles tal setup this was only possible at room temperature. The

With polarization resolved measurements only at an incliintensities were estimated from the spectra in a fit process
nation anglep=0 ° the question whether tilike phonons ~ With Lorentzians. The results are shown in Fig. 11 for the
haveEy, E,, or E; symmetry cannot be answered. There-Cafline, the stronges, line at 784 cm* and the strongest
fore measurements at an inclination angle 45 ° have been E-like line at 751 cm*. For the E-like Raman line both
performed. The result for the spectral range from 550 to 90@olarization directions are shown. The measured angular de-
cm lat 4 K is shown in Fig. 10. A new Raman line appearspendence agrees very well with the characteristic shapes de-
when the direction of incidence is different from 0 °. This is rived in Sec. II B for all displayed lines. The threefold sym-
not possible if the crystal structure of ¥Hs P3cl. This  Metry of the pattern of the Cafiine is very distinct, only the
new line suggests a crystal structure sucPégcm or P63, minima are not as deep as calculated. This is due to the
which hask; andE, phonons. Unfortunately clear changes analyzer in front of the polychromator. Light can pass a po-
of the intensities of the othdt-like lines could not be found. larizer even if its polarization is not parallel to the direction
Therefore from this measurement the doubly degeneratedf the polarizer. The intensity decreases then proportional to
Raman lines can only be classified as beirflike.” The  co€ 9, if ¢ is the angle between the direction of the polar-
only exception is the new line number 7, which has clearlyization and the direction of the polarizer. In this way espe-
the specie€;. The reason for the lack of clear changes incially the minima are partially filled with intensity from other
intensity might be the wide acceptance an(@é °) for the  angles. The shape for th&; phonon is nearly perfectly a
collected scattered light, which flattens the intensity profilecircle, as calculated. In the case of tkeike phonon the
for different inclination angles. deviations from the circular form are very small. It seems as
if there are tiny indentations at the same angles as for the
CaF, line, but they are the same both for parallel and per-
pendicular polarization. This cannot stem from Bp pho-
non, because in this case they should appear on opposite

For some Raman lines the angular dependence at an isides for different polarizations. The origin of these features
clination angle¢ =45 ° was measured. With our experimen-is more likely the proximity of the big CaFline, which

F. Angular dependence

134109-9



KIEREY, RODE, JACOB, BORGSCHULTE, AND SCHOENES PHYSICAL REVIEWE 134109

1400 1200 1000 800 600 400 cm ! and is negligible compared to the big linewidth in the
' ' ' ' IR spectra. For the comparison one should keep in mind, that
the phonon energy is not exactly at the minimum in the IR
spectrum. The Raman lines 5, 7, 9, 10, and 11 agree very
well with lines measured in the IR. The energies are again
collected in Table VII. Most of the lines hade symmetry,
except Nos. 5 and 9 which have symmetry. It is known
that the growth of Y on GaAs and Si results in polycrystal-
line films. This might be a reason for the strong appearance
of the A-like lines in the IR, although they should be small
according to their direction of the atomic displacement. We
conclude, that the structure of Hnust be noncentrosym-
metric. Since in the?6;cm and P63 structure only theE,;
phonon modes are IR and Raman active, the line Nos. 7, 10,
-1400 _12I00 _10|00 -8(I)0 -660 400 and 11 must havEl symmetry. Line No. 8 is als&-like,

~——  Wavenumber (cm ) but not visible in the IR spectrum and should therefore have
E, symmetry.

Transmittance

Intensity

FIG. 12. Comparison of a Raman spectrum taked K and a
FTIR spectrum measured at 77 K of an Yfim. V. SUMMARY

disturbs the fit processes of the small YHhes with its We have reported measurements of the Raman effect in

angular dependence. Thus we conclude, that none of the spéts and YDs. Several lines have been found in the Raman

cial features for the angular dependence of the intensity ofPeCtra; they are rather broad and diffuse at room tempera-
E, phonons could be found. ture but become very sharp and distinct at 4 K. Polarization

resolved measurements in combination with a FGA and a
. . calculation of the intensities in different scattering configu-
G. Comparison with IR spectroscopy rations reveal the symmetry species of the phonons. The
From Sec. IlA it is clear, that coincidence of lines in number of experimentally observéd phonons is not com-
Raman and IR spectra should exist only if the crystal strucpatible with aP3c1 structure. The appearance of new Ra-
ture of YH; is noncentrosymmetric, i.e., it has the spaceman lines for inclination angles different from 0 ° points to-
group P6;cm or P6;. However, only certain lines should wards aP65;cm or P65 structure of YH. According to our
appear, namely, those with; or E; symmetry. Since the calculations the appearance of additional lines is not possible

plane of atomic elongation for thE, phonons is theab iy a P3c1 structure. Also in measurements of the angular
plane and the elongation direction & phonons is parallel  dependence of doubly degenerafetike phonon modes no

f th(;c-ams, pn?Rcan eﬁpecgﬂnlyfsmaltl contrr]lbutlons fromindication forP3cl specific patterns was found. A compari-
1 phonons in spectra. Therefore thg phonons are son between Raman and IR spectra shows coincidence for

more important for this comparison. IR Spec‘{g‘ of 3Ybh several lines. Again this is possible only for a noncentrosym-
GaAs substrates have been measured byeted™ and also . h 2B6 PG d forP3cl
in our group? Some of the lines observed in Ref. 19 are Metric structure suc s¢m or PB; and not forP3cl.

well known GaAs lines. Therefore IR transmission spectra of
H-loaded Y films grown on S{001) have been studied,
since Si has no IR active phonons in first order. The films are The authors thank Thilo Lampe, Technische Univetsita
polycrystalline as in the case of films grown on GaAs. Braunschweig, for technical support and Professor Roger

In Fig. 12 a 77 K IR spectrum from a film grown on Si Cowley, Clarendon Laboratory, Oxford, for helpful discus-
and a 4 KRaman spectrum for a film grown on Gaére sions. This work was financially supported by the European
shown. There is obviously coincidence in the two spectraCommission through the TMR prografnesearch network
The shift due to the different temperature is only about 10‘Switchable metal hydride films).
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