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Far-infrared reflection spectra of a polycrystalline sample of monoclinic CuO were measured in

the frequency range from 30 to 700 cm ™!

at temperatures between 10 and 300 K. The six observed

lattice vibrational modes at 147, 161, 321, 478, 533, and 587 cm ™' (300 K) were assigned by compar-
ison with those of PdO using Cartesian symmetry coordinates. Normal coordinates were calculated
within a short-range valence-force-field model. A broad mode at about 414 cm ™! at 300 K, whose
intensity changes drastically as the temperature is lowered, may be explained in terms of magnetlc

ordering in CuO.

I. INTRODUCTION

Square planar CuO, layers play a decisive role in high-
temperature superconductivity. Thus properties of
CuO-based materials have been extensively investigated
during the past several years. Although several coupling
modes have been proposed, phonons and charge and spin
fluctuations among others, there still is no common un-
derstanding of the pairing mechanisms leading to super-
conductivity. If we are to make headway, a grasp of the
phonon behavior and a knowledge of the magnetic order-
ing of CuO-based materials is a prerequisite. An impor-
tant tool for this purpose is the investigation of phonons
and magnons in high-temperature superconductors with
infrared and Raman spectroscopies.'*? The measurement
of infrared-active optical-phonon frequencies in high-
temperature superconductors is complicated by strong
plasmon-phonon interaction in the conducting CuO, lay-
ers. In ceramic samples many phonon modes are hidden
by the broad background of the collective free carrier
contribution to the spectra. Therefore, an investigation
of similar semiconducting compounds with low free car-
rier concentrations yields useful data on the interatomic
potentials which may be transferred for mode assignment
in the CuO-based superconductors. The infrared and Ra-
man spectra of a series of ternary and quarternary com-
pounds structurally related to the high-temperature su-
perconductors were investigated recently!*? but, hitherto,
the infrared spectrum of the binary copper (11) oxide,
CuO, has remained unassigned.

Infrared spectra of CuO were measured by several au-
thors. Most recently, Hagemann et al.® measured the in-
frared absorption spectrum of polycrystalline CuO,
dispersed in paraffine oil, in the frequency range between
200 and 700 cm™!. Hanuza et al.,* Popovic et al.,’ and
Degiorgi et al.® measured the fir-reflection spectra of
CuO in order to evaluate CuO as a possible impurity
phase in high-temperature superconducting oxides. The
analysis of the vibrational spectrum of CuO may prove a
most effective tool in the study of the Cu?* and O?~ in-
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teractions. In this paper we present infrared reflection
data obtained on a polycrystalline sample of CuO.
Despite the fact that the primitive cell of CuO contains
only two formula units, the infrared spectrum is complex
and difficult to interpret. We were able to assign the ob-
served modes by correlation with the spectrum of the
structurally closely related but higher symmetric palladi-
um oxide (PdO), and with the help of approximate nor-
mal coordinate calculations using a short-range valence
force field model. An unusual temperature dependence of
one of the observed modes is discussed in relation to the
magnetic ordering in CuO.

II. CRYSTAL STRUCTURE AND
FACTOR GROUP ANALYSIS

The semiconducting copper(i1) oxide (CuO) crystallizes
in the monoclinic space group C2/c-C§, (No. 15) with
four formula units in the crystallographic unit cell. 7 The
lattice  constants are @ =4.6837 A, b=3.4226 A
c=5.1288 A, B=99.54". The positions of the atoms are
Cu (c):1:(4, 4,0),2:(3,4, 1),0(4e):3:(0,9, 1),4:(0, 7, 2),
y =0.4184; the equivalent positions are (0,0,0) and

+,+,0). Copper forms four coplanar bonds with oxygen,
which itself is coordinated by four copper atoms in a dis-
torted tetrahedral environment. The whole three-
dimensional network of the CuO crystal structure is buiit
from two sets of chains w[CuO4 ] directed along [110]
and [17T0] and staggered along [001], Fig. 1. Factor
group analysis using the tables given by Rousseau er al.®
yields

Cu(C): T=34,+3B,,
O(C,): T=A,+2B,+A,+2B,
I&o=4,+2B,+44,+5B,

Of these, 14,(T,) and 2B,(T,, T,) are acoustical modes,

so that the total of vibrational modes (q==0) and their ac-
tivity is
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(a) (b)

FIG. 1. The crystal structure of CuO (C2/c —CS$,, Z =4).
(a) Staggering of chains L, [CuQ,,,], the tetrahedral coordination
of oxygen is indicated. (b} Crystallographic unit cell of CuO.
Atoms 1,2: copper (small circles); 3,4: oxygen (large circles).
The Cartesian symmetry coordinates, derived using the projec-

tion operator technique (Ref. 18), are A4,:5,=y3i—y,;
By:S,==x3—x4, S3=2z324 CASsTX =X, Ss=yitya,
S¢=2z;—za, S§7=y3F¥4; B,:S3=x;+x,, Se=y1~ ¥y
Syo=z;+2zy, S11=%x3Fx4, Sy =23+ 24 :

T=A,(R)+2B,(R)+3 4,(ir)+3B,(ir) . (1

Thus, three Raman-( Ag,Bg) and six infrared-(A4,,B,)
active modes are to be expected in the spectra of CuO.
(In the usual character tables of point group C,; the ¢
axis is special and therefore T, transforms as 4,. To de-
scribe the lattice vibrations of monoclinic CuO the com-
mon crystallographic set up with b as the special axis was
used in the present work. Thus, T, transforms as 4,,.)

I. SAMPLE PREPARATION,
FAR-INFRARED AND RAMAN SPECTRA

Polycrystalline samples of CuO were prepared by oxi-
dation of high-purity copper powder in air at 700°C. The
samples were checked by x-ray-diffraction methods.
Pressed pellets of the obtained polycrystalline CuO were
used for the measurement of the fir-reflection spectra
(Bruker IFS 113v, Oxford model CF 100 cryostat).” Pel-
lets pressed at room temperature yield a maximum
Rests-rahlen reflectivity of about 30% at 300 K.> From
hot pressed and polished pellets (graphite die, 600°C,
subsequent annealing at 700°C in air and pellet checking
by x-ray powder diffraction) a maximum reflectivity of
about 50% was reached. The spectra obtained from cold
and hot pressed samples differ somewhat because of
different orientations of the crystallites, but the main
features are the same. The fir-reflection spectra of hot
pressed CuO at 300, 200, 160, and 10 K are shown in Fig.
2. At room temperature, two sharp low-frequency modes
at 147 and 161 cm ™!, one less intense mode at 321 em ™},
and a broad and complex feature between 340 and 630
cm™ !, with maxima at 414, 478, 533, and a shoulder at
587 em ™}, may be observed. Although the measurements
were performed on polycrystalline samples, and further-
more, the polarization direction of pure TO-LO phonon

modes is given from symmetry only for the A, modes
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FIG. 2. Far-infrared reflection spectra (Bruker IFS 113v) of a

hot pressed pellet of polycrystalline CuO at 300, 200, 160, and
10 K.

whereas the B, TO-LO modes depend on the special
macroscopic field in the (101) plane,’ we analyzed the
spectra by means of a Kramers-Kronig transformation.
The quasi-TO-LO phonon frequencies of the three sharp
low-frequency modes, determined in the conventional
manner from the maxima of the Im(&) and —Imf(1/€)
functions, are 147-150, 161-166, and 321-323 cm™! (at
300 K). The diclectric function peaks are not clearly
resolved for the high-frequency modes. It may be con-
cluded qualitatively from the broad and mutually over-
lapping bands that the ionicity of CuO is high despite the
strong covalent bonds which are indicated by the square
planar coordination of copper. With decreasing tempera-
ture the modes at 147, 161, 321, 478, 533, and 587 cm !
(300 K) sharpen and slightly increase in frequency to 148,
163, 324, 482, 537, and 589 cm™! at 10 K, respectively.
This was to be expected from the anharmonicity of the
lattice vibrations. More striking is the fact that below
200 K, i.e., below the Néel temperature of 230 K of anti-
ferromagnetic CuO,'° the frequency of the broad mode at
414 cm ™! shifts to 376 cm ™!, On further cooling the fre-
quency of this mode is rather constant, but its intensity
increases and it becomes the strongest mode at 10 K.
Additional splitting (376, 381 cm™!) and a shoulder on
the high-frequency tail of this mode are observed at low
temperatures. Our results (300 K) are basically in agree-
ment with known reflection spectra.>® The only
difference is in an increase of the reflectivity at low fre-
quencies in the spectrum given in Ref. 6, which is not ob-
served in our sample and may be due to metallic impuri-
ties or surface defects of the sample measured by these
authors.

The Raman spectrum of CuQ was recently investigated



10 062

by several authors on both polycrystalline samples and
single crystals. For our hot pressed sample we found
phonon peaks at 301, 348, and 633 cm~'.!! This is in
good agreement with the result obtained by Hagemann
et al.? for CuO single crystals. From this and other in-
vestigations'>!3 the assignment of the modes is clearly
296 (301) cm™": 4,; 344 (348) cm™!: B); 629 (633) cm ™ ©:
B2.

IV. ASSIGNMENT OF THE VIBRATIONAL MODES

An assignment of the vibrational modes of CuO can be
performed by comparison with those of PdO.'* The crys-
tal structure of CuQ is a distorted version of the tetrago-
nal PdO structure.’® The two crystal structures are com-
pared in Fig. 3. In the projection along [001] it is seen
that the two chains ! [MO, ;] (M =Pd,Cu) intersect at
an angle of 90° in PdO and =~75° in CuO. The primitive
cell of the C-centered CuO structure [defined by the vec-
tors a;, b; (Fig. 3), ¢;=c] corresponds to the primitive
tetragonal  unit cell of PdO (space group
P4,/mmc —D3,); it contains two CuO formula units.
The C, axis of the C,, factor group of CuO correlates to
the Cy axis of the D, factor group of PdO as indicated
in Fig. 3. Thus, the correlation Dy, —C,, is'® B;,—B,;
E,—~A4,+B,; A,,—B,; B,,—~A,; E,—~A,+B,. The
representation of the lattice vibrations of PdQ is'*

CEio= 2A2u(ir,Tz)+3Eu(ir,Tx,Ty)—I—BZu(s)
T B (R)+E(R) .
The correlation for CuO yields
r'dio=5B, +44,+2B,+ Ag

in agreement with the factor-group analysis result [Eq.
(1.
In the infrared spectrum of PdO, a low frequency out-

PdO(P4,/mmc, D) cuoicarsc, c§y)

FIG. 3. Projection of the crystal structures of PdO
(P4,/mme —D3,) and CuO (C2/¢ —C§,) along [001]. Small
circles: Pd (Cu), large circles: O. The Cj axis (x,x,1) in
P4,/mmc (PdO) corresponds to the C, axis (O,y,%) in C2/¢
(CuO). a;,b; are the base vectors of the CuO primitive cell
which intersect the crystallographic axes a and b with a’'=37°,
B =53,
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of-plane bending mode of E, symmetry is observed at 160
cm™!. This mode should split into 4!+ B} in CuO. The
two bands at 147 and 161 cm ™! in the reflection spectrum
of CuO are assigned to these modes. In the out-of-plane
bending mode of an MX, planar square unit the central
atom M moves perpendicularly to the plane. In CuO this
movement is similar but the eigenvector decomposes
along the x and y directions and bond stretching forces
become important. Since the L [CuO, ,2] chains intersect
the x axis at @’~37° and the y axis at 8/ ~53° (Fig. 3), to
first order one finds an anisotropy splitting due to the
bond stretching contribution of

172

=1.15. (2)

Vy

Vx __ | cos37
cos53

The A, out-of-plane symmetry coordinate is x; —x,, the
corresponding B, coordinate being y, —y, (see caption of
Fig. 1). Thus one can expect the 4, mode at higher fre-
quency. The % A4,)/%(B,)=1=1.12 ratio is in good
agreement with the assumed anisotropy splitting.

The same argument holds for the difference between
the low-frequency Raman active modes 4, and Bgl,
correlating to E, in PdO {(not observed in Ref. 14). Only
oxygen atoms are involved in the Raman active modes,
the symmetry coordinates being Ag: y3—y4 Bgl:
x3—x4. Thus, 4, <Bg1 is to be expected, as is in accor-
dance with the experiment (4,:301,B,):348 cm™!). The
B2 mode (633 cm™!) of CuO corresponds to the B 1g (652
cm™!) of PdO. The BgI and B; frequencies are well
separated in CuO. Mixing of the two modes is negligible
and the B; normal coordinate is thus approximately the
symmetry coordinate z; —z,.

Let us now return to the discussion of the infrared

Bg: 147 (147)

BZ:530(530) B3:5901(590)

FIG. 4. q=0 normal mode displacements of copper oxide
(CuO). Experimental (calculated) phononfrequencies are given.



spectram. Obviously, the low-intensity mode at 321
cm~! in the infrared spectrum of CuO is the 47 mode
z, —2z,, corresponding to the B,, silent mode in PdO
(BS¥<:242 cm™!). The assignment of the broad modes in
the high-frequency range is difficult and in principle not
accurate from the powder data. The large TO-LO split-
ting and the monoclinic crystal structure of CuO are the
main cause of the complex spectral features. From the
correlation with PdO one is led to expect the remaining
A3, B, and B} stretching modes in this range. At the
highest frequency in the infrared spectrum of CuO we ex-
pect the B} vibration (z;+z,)—(z3+z,), correlating
with the 4,, mode of PdO. The shoulder at 587 cm™! is
assigned to this mode. In terms of the symmetry coordi-
nates the E, mode of PdO splits into (y;+y,)
—(p3-+ya)A)) and (x,+x,)—(x3+x,) (B2). Further-
more, the anisotropy splitting discussed above predicts
A2 < B2 and we assign the modes at 478 and 533 cm ™! to
these modes, respectively. Their ratio is 1.12, in good
agreement with Eq. (2). The result of our assignment is
summarized in Table II (¥,;). The vibrational frequen-
cies obtained from the reflection spectrum of polycrystal-
line CuO lie somewhere between the TO and LO phonon
modes. Only the highest determined LO has to corre-
spond exactly to the LO (BJ). Single crystal investiga-
tion is needed for the accurate determination of the fre-
quencies.

It may be seen in Fig. 2 that the temperature depen-
dence of the 414-cm ™! mode differs totally from that of
the others. We thus conjecture that the origin of this
mode is not an q=0 infrared-active optical-phonon as
will be discussed later.

V. NORMAL COORDINATE ANALYSIS

In order to confirm the qualitative assignment given
above, a normal coordinate calculation was performed.
Because of the uncertainties in the experimentally ob-
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tained frequencies the calculation can be approximate
only. Wilson’s GF-matrix method'” was applied in a ver-
sion similar'® to that extended by Shimanouchi et al.'®
for the calculation of the optically active (q=0) lattice
vibration frequencies. Only short-range forces were con-
sidered.

The coordinations of the atoms in the crystal structure
of monoclinic CuO are complex. A large number of
internal coordinates must be included in a lattice dynami-
cal calculation. To reduce the number of parameters the
force constants fjx were related to the interatomic dis-
tances r;; using

0 n

(3

'
Jk

— £0
fie=Tri

This formula was used by Maroni et al.?° for the calcula-
tion of the vibrational modes of La, . M,CuO,
(M =Sr,Ba). They found n =6, which we used in our ap-
proximate calculation also.

We successively considered the Cu-O (1.95-4.09 A,
cale. 1), O-O (2.62-3.92 A cale. 2), and Cu-Cu
(3.08-3.74 A, calc. 3) interactions and fitted the three in-
dependent force constants f]‘-}c to the experimental fre-
quencies. The interactions between the nonbonded O-O,
Cu-Cu, and Cu-O (third and higher order neighbors)
partly represent the O-Cu-O, Cu-O-Cu bending and the
[CuO, /,] out-of-plane bending coordinates which are not
explicitly considered in the calculations, therefore. In
calc. 1, only involving the copper-oxygen bond stretchmg
interactions (1.95-4.09 A), a value of fCuo (1.95
A)=1.37 mdyn A~! fits the 4], B2, and B} frequencies.
The sequence of all calculated frequencies agrees with
that predlcted by the Cartesran symmetry coordinates,
ie, A, <Bl<B;Bl< A}, A< A}<B!<B}. Calcula-
tion 2 1ncludes the oxygen-oxygen 1nteractron (2 62-3.92
A) as well, the force constants obtarned are f2,0=1.37,
3.0 (2.62 A)=0.28 mdyn A~!. This shifts the B} mode

TAELE 1. Experrmenta] (Voxpr) and calculated (¥,,.) phonon frequencies (cm™ 1), interatomic distances (r,A), force constants (f,
mdyn AN, and potential energy distribution (%) of CuO (calc. 4, see text). Force constants resulting in P.E.D. values <10% are

omitted. )
r f Ag B B A} Al A} B, B: B}
Vexpt® 301 348 633 161 321 478 147 530 590
Veate 308 355 633 161 . 331 . 470 147 530 590 .
Cu-0 1.95 1.28 97 72 22 1 4 70 1 78 7
1.96 1.24 24 77 35 5 52 14 0 15 76
2.78 0.15 23 4 1 44 1 7 47 3 0
3.41 0.04 7 1 0 9’ 0 3 ‘10 0 0
0-0 2.62 0.27 5 0 27 0 0 0 0o 0 0
Cu-Cu 3.08 0.11 0 0 0 1 15 0 32 0 0
3.17 0.09 0 0 0 23 2 1 0 0 0
i 180.0 —0.18 —14 —10 —3 0 0 10 0 11 1
fia 84.3 0.27 —21 —32 12 1 -7 13 0 —15 10
iz 95.7 0.32 —24 —38 14 -1 8 —15 0 17 —12
fia 104.0 0.21 —16 25 -9 0 5 —10 0 —11 8
Jia 180.0 —0. 19 —3 —11 —5 1 8 2 0 2 11

24} A1 Bl Reststrahlen maxima, A ,BX,B} approximate frequenc1es were used in the caiculatlons
®Interaction terms fjk between the 1nternal coordinates. j,k =1: Cu-O, 1.95 A Jyk =2:-Cu-0, 1.96 A. The angle between j and k is

given in the second column.
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TABLE II. Mass-adjusted Ly, eigenvectors (Ref. 19) of CuO, calc. 4 (see text). The Cartesian symmetry coordinates S; are

defined in the caption of Fig. 1. The 4, normal coordinate is identical .

4; - B, B?

B! B? 7 4l A2 B}

Peate 355 633 Veale 161 331 470 Veale 147 530 590
S, 0.99 0.02 S 0.90 —0.21 0.39 Sg 0.13 —0.20 0.38
S, —0.02 . 099 Ss 0.19 0.04 —0.41 S "7 095 0.21 —0.23
S 0.15 0.97 0.19 Sio 0.03 —0.39 —0.22
S, . —0.37 —0.10 0.81 S —0.27 0.40 —0.75
R LS . —0.06 0.77 0.44

to the right. The high value of the B; frequency is due to
oxygen-oxygen repulsion, see Fig. 4. The interaction be-
tween the copper atoms is introduced in calc. 3, yielding
feo0=1.37, f25=0.28, fQ c, (3.08 A)=0.10 mdyn
A~L This improves the fit of 4}, 42, and B} and the
overall agreement becomes satisfactory, with the excep-
tion of the 4, and Bgl modes. The experimental frequen-
cies of the latter are considerably lower than those calcu-
lated. Therefore, in calc. 4 interaction terms between
connected Cu-O bonds (1.95 A, 1.96 A) were introduced.
Physically, these terms represent the fact that the vibra-
tions of the interconnected [CuQy,] are strongly coupled
and many-body interactions are involved. This coupling
is especially strong for the Ag and Bg1 modes, consisting
of mutual compression and depression of Cu-O bonds in
the two chains. A rationalized treatment of the interac-
tion terms was not performed, however. The individual
terms contribute quite differently to the Ag, By, A4,, and
B, symmetry force constants and were used only as
fitting parameters to adjust the frequencies.

Similar to Ohwada,?! who studied the valence force
field of La,CuO,, negative values for the trans-Cu-
O-Cu-O interaction terms were found. This last fitting
procedure seems to be rather arbitrary. But it was found
that the main force constants f, o, fo.0> fcu.cy @2nd the
vibrational eigenvectors, which also depend on the rela-
tive masses of the vibrating atoms, are only slightly
different for calcs. 3 and 4 except the more strongly cou-
pled BZ and B2} modes. The final fit gives good agree-
ment between all experimental and calculated phonon
frequencies and the results are summarized in Table I
(Vexpt> Vealcr fOIce constants, and distribution of the poten-
tial energy) and Table II (mass adjusted Lyg,-
eigenvectors!®). Normal mode displacement patterns as
obtained from Table II are shown in Fig. 4. The only de-
viation from the qualitative assignment using the Carte-
sian symmetry coordinates is that the B2 and B modes
are strongly coupled. The highest frequency B2 mode is
a Cu-O stretching along [101], B? the corresponding
stretching along [101]. This is reasonable as the bond an-
gles between the Cu-O-Cu chains are 145.8 and 108.8° for
[101] and [101], respectively. Obviously, the sum of the
Cu-O-Cu-O interaction terms is more efficient along
[101].

VI. LOW-TEMPERATURE SPECTRA

Finally, we discuss the broad mode between 380 and
414 cm~!. As has been noted, the intensity of this mode
increases dramatically upon cooling (Figs. 2 and 5). The

appearance of this mode and its anomalous temperature
dependence may be explained in terms of antiferromag-
netic ordering in CuO. Namely, the results of magnetic
specific heat’ measurements and neutron diffraction ex-
periments*>2* indicate a magnetic ordering at Ty =230
K first into a noncommensurable spiral structure, and
then at Tr=213 K there is a transition to an antiferro-
magnetic phase consisting of ferromagnetic (101) double
planes with antiferromagnetic ordering along the [101]
direction. The integral intensity of the 414-cm ™! mode
as a function of temperature is given in Fig. 6. At extra-
polation the curve in Fig. 6 yields a value of 213 K, the
temperature of antiferromagnetic ordering in CuO. In
view of the fact that the temperature dependence of this
mode is similar to that of the CuO Raman mode at 240
cm ™! (Ref. 12) which is due to magnetic excitation, i.e.,
to the temperature dependence of the magnetic suscepti-
bility,”® we conclude that the ir 414-cm ™! mode is due to
antiferromagnetic ordering in CuO.

Magnetic ordering related ir absorption and reflection
by semiconductors and dielectrics has not been as
thoroughly investigated as Raman scattering.*>?° The
focus has been on magnetic-polariton modes.?”?® It has
been shown that ir active magnons usually occur at very
low frequencies (below 100 cm™!) and that ir magnon ab-
sorption does not change the reflectivity by more than
10%. Neutron spectroscopy indicates for CuO an optical
magnon (for T point) at 187 cm™'.2* Published CuO Ra-
man spectra®!>13 and the ir spectra shown in Fig. 2 indi-
cate no magnon mode at this frequency. This low-
intensity magnon mode may be masked by the 147- and
161-cm ™! phonons.

As we could not detect the g=0 optical magnon, it is

&}
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FIG. 5. Far-infrared reflection spectrum of CuO at different

temperatures in an expanded scale. 1-10: 10, 120, 140, 160, 180,
200, 210, 225, 250, 300 K, respectively.
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FIG. 6. Integral intensity of the 414-cm ™! mode of CuQ as a
function of temperature. The mode intensities are calculated
from the reflectivity data between the phonon dips near 320 and
460 cm™! (see Fig. 5), respectively, and normalized to the inten-
sity determined at 300 K. The solid line is just a guide to the
eye.

hard 1o believe that the 414-cm™! mode is due to q0
magnons because they have to be weaker than the q=0
magnon except if the magnon density of states is the
highest at these frequencies. In view of the CuO magnon
dispersion curves,* this is not the case.

It is worth noting that this mode is somewhat weaker
than the surrounding phonon modes at room tempera-
ture, whereas at lower temperature it becomes stronger
than them. This kind of magnetic interaction with in-
frared radiation in CuQO is unique because magnetic
Reststrahlen bands, as has been mentioned earlier, are
usually weak.?® With this in mind we conclude that the
414-cm ™! mode is a zone-boundary phonon mode which
becomes infrared active due to the zone-folding effects in-
duced by infrared absorption from antiferromagnetic su-
perstructure.’®3° Namely, the magnetic unit cell of CuO
along the a and ¢ axes is doubled with respect to the crys-
tallographic unit cell. Thus, the CuO magnetic unit cell
contains 4 formula units resulting in 24 phonon branches.

0 1 i 1

] Lo ]
200 300 400 500

FIG. 7. Modeling the far-infrared reflection spectra of CuO
at (a) 300, (b) 180, and (c) 10 K using the factorized form of the
dielectric function (see text). Solid: calculated, dashed line: ex-
perimental reflectivity. The oscillator parameters are given in
Table III.

Vlem)

Hence, new q=0 optical modes appear as a result of the
corresponding folding of the phonon branches. The pho-
non mode frequencies were determined using a fitting
procedure based on

2 2 ;
Wip,; O IV 0,;)
é=e. 1 — 5 e @
J

—_— 27
WT0,; W7 TIOYTO,

where org (@10, ;) and ¥y 1o ;{7 10,;) are transverse (lon-
gitudinal) frequencies and damping factors of mode j, re-
spectively, and €, is the high-frequency dielectric con-
stant. The application of Eq. (4) yields the results depict-
ed in Figs. 7(a)-7(c). The dashed lines are the experimen-
tal reflectivity spectra, the full lines are calculated spectra
obtained using the values listed in Table III.

At room temperature [Fig. 7(a)] in addition to the 6

TABLE II1. Optical parameters (cm™') of phonons obtained by oscillator fitting of the CuO reflection spectra.

300 X 180 K 10 K 300 K 180 X 10 K H :300 K 180K 10K
1 o 147 147 147.5 4 wro 4795 4785 479 7 @ 410 378 379
Y10 2 15 2 ro 18 15 11 YTo 86 33 9.5
Oro 150.5 151 152 Wi 480 479 480 @10 430 379 380.5
Y10 1 1.5 2 Yo 38 55 125 Yo 175 50 18
2 oo 1625 1635 1625 5 w535 532 532 8 wro 382 382
Y10 5 3 2.5 Yo 27 23 20 Y10 100 100
Wio 167.5 169 168.5 W10 544 540 540 [ %) 445 474
Y10 3 3.5 3 Yo 30 35 35 Yio 150 45
3 w321 3235 325 6 w0 587 587 587 €. 6 6.2 62
Yo 4.5 2 2 Yo 150 150 150
oo 324 3265 328 oo 615 620 620
Y10 5 1.8 2 T 39 49 39




10 066

phonon q=0 modes at 147, 162.5, 321, 479.5, 535, and
587 cm ™! a good fit was obtained with the introduction
of an additional phonon mode at 410 cm™!. The ex-
istence of this mode, however, is unusual above Néel’s
temperature, i.e., in the paramagnetic phase. This may
be explained in terms of magnetic fluctuations at temper-
atures considerably above Ty, as conﬁrmed by CuO neu-
tron spectroscopy at room temperature.’* As the correla-
tion length of these magnetic fluctuations equals 60 A at
300 K, zone-folding effects have to be present in the
paramagnetic phase at room temperature, also. The in-
tensity of this mode remains constant at cooling until T
is reached (see Fig. 6). A good fit of the lower tempera-
ture spectra (T < Ty ) requires two zone boundary pho-
non modes (Table IV). The appearance of a number of
zone boundary phonons in the CuO infrared spectra is
possible due to acoustic and optical phonon branch fold-
ing. The CuO magnetic group selection rules have to be
concurrently satisfied. An additional difficulty in the
determination of the CuO magnetic group is the disagree-
ment on CuO spin orientation. In Ref. 23 the spins are
found to be oriented along the b axes, whereas recent
work?? indicates that they are oriented along the a axis.
After the completion of the work presented here, a
study of inelastic neutron scattering and lattice dynamics

G. KLICHE AND Z. V. POPOVIC ,. o @2

of CuOQ?! came to our attention. These results confirm
the infrared and Raman mode assignment presented in
Sec. 1V above and support our assumption on the ex-
istence of zone-folded modes in the infrared spectrum of
CuO. Namely, at the X point of the CuO Brillouin zone
two optical branches at about 12 THz appear to merge.
This frequency corresponds to zone-boundary modes in
Fig. 2 at 376 cm™! and 381 cm™!. Furthermore, the
CuO magnetic excitation-related 240-cm™! Raman
mode!? is probably a zone boundary mode which accord-
ing to Ref. 31 appears at the X point of the CuO Brillouin
zone at a frequency of 7.2 THz.

More information on CuO magnetic excitation will be
forthcoming following infrared and Raman experiments
on single crystalline samples with polarized light as well
as with deeper insight into the phonon dispersion curves
of this compound. This work is in progress.
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