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Optical properties of single-crystal monoclinic CuO in the range 70—-6000* amere studied at tempera-
tures from 7 to 300 K. Normal reflection spectra were obtained from(@0&) and (010 crystal faces thus
giving separate data for th, andB, phonon modes excited in the purely transverse @&y mode$. Mode
parameters, including polarizations of tBg modes not determined by the crystal symmetry, were extracted by
the dispersion analysis of reflectivity curves as a function of temperature. Spectra of all the components of the
optical conductivity tensor were obtained using the Kramers-Kronig method recently extended to the case of
the low-symmetry crystals. The number of strong phonon modes is in agreement with the factor-group analysis
for the crystal structure currently accepted for the CuO. However, several “extra” modes of minor intensity
are detected; some of them are observed in the whole studied temperature range, while existence of others
becomes evident at low temperatures. Comparison of frequencies of “extra” modes with the available phonon
dispersion curves points to possible “diagonal” doubling of the unit f&lb,c} —{a+ c,b,a-c} and formation
of the superlattice. The previously reported softening ofA}ﬁemode (400 cm'l) with cooling atTy is
found to be~10% for the TO mode. The mode is very broad at high temperatures and strongly narrows in the
antiferromagnetic phase. We attribute this effect to strong resonance coupling of this mode to optical or
acoustic bimagnons and reconstruction of the magnetic excitations spectrum atelhgolté. A significant
anisotropy ofe” is observed: it was found to be 5.9 along thexis, 6.2 along thg101] chains, and 7.8 along
the[lOT] chains. The transverse effective chaejeis more or less isotropic; its value is about two electrons.
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[. INTRODUCTION character of magnetic interactions and persistency of spin
correlations at temperatures well above theeNsoint>®
Since 1986 the interest of cupric oxide CuO has been Another feature of the cupric oxide is the low-symmetry
T, superconductivity. In addition to the role of the parentMonoxides, e.g., MnO, FeO, CoO, and NiO with the rock-
compound of all the higf-, materials with Cu@ planes, it _sl_alltl strl;fcturie.. Ith|s k? ;;]romment manlfehstatloln of the ‘]ﬁhn'
has a number of physical and chemical features common t eler € ect: in the 9 ~Symmetry octa edra position char-
. Scteristic to the cubic structure, the Cuion would have
several undoped antiferromagnetidFM) cuprates,(e.g.,

- simil dinati q degenerated,> .2 and d,2 orbitals, which is energetically
La,CuQy, YB&,CusOg): similar copper coordination an unfavorable, and therefore tends to displace away from the
electronic state, Cu-O distances, values of localized magnet

h low-di ional mmetry position. This tendency is so strong that CuO has
moments, superexchange constants, low-dimensionality Qist st a distorted cubic lattice, but a completely different
magnetism, etc.

. o : o monoclinic tenorite structure.
CuO, however, is a quite interesting system in its OWn ey aral grougs™ have reported results of infraretR)
right. Although Cd" ions are expected to be in the3state

, X o ! spectroscopic studies of powder as well as single-crystal
W'th one 3 hole per atom, this transmon-rI\etGTM) oxide ., specimens of CuO. The interpretation of infrared spectra was
is a strongly correlated insulator of the “charge-transfer always embarrassed by the low crystal symmetry, especially
type according to the theory of Zaanen, Sawatzky, an

1 ) ; X or the case of polycrystalline samples. Kliche and Pop8vic
Allen;” the holes are well localized forming local magnetic 56 measured infrared spectra of sintered powder samples

moments. CuO undergoes a two-stage magnetic transition: gk 5 fynction of temperature and assigned strong IR-active
Tn1=230 K an mcommensura;e magnetic structure is 0by,5des to the speciel, and B, by comparison of frequen-
served, while affy,=213 K spins order parallel to the  jes with those in PdO. They also reported an additional
axis antiferromagnetically along tti@¢01] chains and ferro-  broad mode at about 414 crhthe intensity of which in-
magnetically along th¢101] chains’ From the analysis of creases drastically with cooling down beldly, and sug-

the spin-wave velocify’ it was found that the exchange con- gested that it is a zone-boundary phonon mode which be-
stant along th¢ 101] chains(60—80 meV is several times comes IR active because of IR absorption from AFM
larger than this value along any other direction. The anomasuperstructure. It is evident now that it was a manifestation
lous temperature dependence of the magnetic suscepfibilityf the anomalous softening of thﬁﬁ mode reported by
points to low-dimensional, or, at least, highly anisotropicHomeset al!?
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It has been a serious problem to obtain single crystals of (a)
CuO suitable for quantitative infrared studies. Gutanl!

have succeeded to measure infrared polarized spectra of
single crystals of CuO at room temperatdRe) and account

for low-symmetry effects in data analysis. They have mea-

sured reflectivity from the (1@) natural face and modelled
spectra by the dielectric function formulas adapted to mono-
clinic crystals* However, due to inconvenient crystal orien-
tation in their experiment mixed LO-TO modes were excited,
the properties of which depend on the wave vector direction.
Homeset all® presented single-crystal infrared spectra as

a function of temperature. Again, however, only the 0} 1
crystal surface was accessible for optical experiments, and
mixed LO-TO modes were actually observed. An appre-
ciable (about 5% sharp softening of the-440 cmi ! Rest-
strahlen band for thE_L b upon cooling down was definitely
registered at the Ng transition. Spectra were fitted with in-
troduction of 3A, and 3B, phonon modes only. No new
phonon structures at the magnetically ordered phase were
reported indicating absence of a crystal superlattice below
TNZ.

This statement sounds puzzling in a view of observation

by Chenet all® of five modes at low temperatures in the 0/0/ o 0/0/ o (%)

Raman spectra. Authors have assigned these modes to folded
phonons; as a folding mechanism, a strong spin-phonon in-
teraction was proposed. The most intense mode 2401cm FIG. 1. The crystal structure of Cu@fter Asbrink and Norrby
hardens strongly with decreasing temperature, which wabifferent projection views of the @< 2bxc cell array are shown:
attributed® to an additional lattice rigidity due to magnetiza- the ac-plane view(a) and theab-plane view (b). The unit cell
tion. containing four CuO units is indicated by the parallelepiped. The
There is a serious inconsistency concerning structure an@i<y9en atoms are light gray; the copper atoms are dark gray.

parameters of IR-active phonon modes, especially at high) |t js generally accepted, following Asbrink and Norrly,
frequencies. For instance, the deviations in resonance frgpat at room temperature the space groupCl (C2/c);
quency of these modes reported by different groups are tofyere are four CuO molecules in the unit cell with dimen-
significant to be explained by experimental errors, isotop&jons a=4.6837 A, b=3.4226 A, c=5.1288 A, B
effect, crystal nonstoiochiometry, etc. In our opinion, the ex-= g9 54° and two CuO units in the primitive cell; the copper
planation lies in the intermediate LO-TO nature of the Ob'and oxygen occupy th@l and C2 symmetry positions cor-
served modes and corresponding uncertainty of phonon paespondingly. Each copper atom is situated in the center of
rameters, especially for the high-frequency intense modege oxygen parallelogram. Each oxygen atom, in turn, has a
with large LO-TO splitting. Moreover, no infrared data so far distorted tetrahedral copper coordination. The adjacent,CuO
were reported where the, and B, modes were completely parallelograms form two sets of ribbons propagating along

separated. Parameters of thgmodes were extracted at best the[110] and the[ 110] directions. The structure can be also
from the single-crystal spectra f&rl c where theB, modes  considered as being composed from two types of zig-zag

are also present. ) . . T diean.
In this paper we aimed to resolve this uncertainty by sepa—Cu O chains running along tha.01] and the[101] direc

rate measurement of the characteristics of purelyAand ~ tons (Fig. 2. The Cu-O-Cu angle is 146° in thgl01]
B,, modes. For monoclinic crystals the only option for obser-chains and 109° in thgL01] chains. .
vation of theB, TO modes is to measure normal reflectivity _ FOF theCay space group the factor-gropG) .analy5|§
from the (010 face (the ac plang. To study theA, TO  9IVes the following set of the zone-center lattice modeés:
modes any crystal plane containing theaxis, e.g.(001)  =Agt2Bg+4A,+5B,. Out of these, three modesA{
face, may suffice. We succeeded to obtain these crystal facés2Bg) areé Raman active, six modes Ag+3B,) are IR
with a sufficiently large area, allowing to perform reliable active, and three mode#\(+2B,) are translational. Thé,

measurements and quantitative analysis of the data as d@lodes are polarized along theaxis. The dipole moments of
scribed below. the B, modes lie within theac plane, but due to the low

symmetry their directions are not exactly determined by the
crystal structure.
More recently Asbrink and WaskowsKzhave refined the
CuO structure at 196 K and 300 K using the so called “less
Cupric oxide CuO, unlike other TM monoxides, crystal- significant reflections” in the x-ray data analysis and found
lizes in a low-symmetry monoclinic tenorite structuféig.  that less symmetric space gro@d (Cc) is also consistent

©

Il. CRYSTAL STRUCTURE AND FACTOR-GROUP
ANALYSIS
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crystal faces were cut with accuracy of 1.8° and 2.1°, respec-
tively. The electron Auger microscopy has shown the pres-

& \ ence of only copper and oxygen atoms on the both crystal
L 7\ £ faces. The area of thé01) face suitable for quantitative
QR \t\ %\ © optical measurement§.e., containing no impurity inclu-
B 74 N 7/[101] entation, was ~3 mnt; that of the (010 face was
[101] 146° ~4 mnt.

FIG. 2. The Cu-O chains running along 1] and the[lOT]
directions. The oxygen and copper atoms are light gray and dark Infrared near-normal reflectivity spectra were measured
gray correspondingly. The Cu atoms with the sadmeoordinates  from 70 to 6000 cm? using a Bruker IFS 148FT-IR spec-
only are shown. trometer. The average angle of incidence was about 11°. A

, . i set of different light sources, beamsplitters, polarizers, and
with the x-ray déﬁract|on data for both phases. They sug-getectors were used to cover this frequency range. The mid-
gested that th€;,, space group might result from the time infrared (MIR) spectra from 400 to 6000 cM were mea-
averaging or site averaging of nonequival@e to valence  gyreqd using a globar source, KBr beamsplitter, KRS-5 polar-
fluctuationg atom positions of lower symmetry. Some lattice izer, and DTGS and MCT detectors. The far-infra(&tR)
distortions, especially changes of the Cu-O distances, WeTlRgion 70-700 cm® was studied with the aid of the Hg
clearly detected when 6passmg from Rj’ to 196 K. In generahamp, a set of mylar beamsplitters, a polyethylene polarizer
one can state, that the;, space group is a good approxima- gnd the helium-cooled Si bolometer.
tion to the real structure of the cupric oxide, but some minor - The polarizer was mounted in the optical path of the in-
deviations from this do not contradict to the x-ray data. cident beam; no additional polarize@nalyzerswere put in

between sample and detector. The transmission properties of

Ill. EXPERIMENTAL the polarizers were measured independently and, when nec-

essary, special care of the correction for the unwanted polar-
ization leakage was taken. Polarizer rotation was performed

Single crystals of CuO were obtained from a using a computer-controlled mechanical device.
CuO-PbO-BjO; melt. The details are described elsewh@re. For the case of reflection from the monoclirac plane
After cooling down the crucible contained randomly orienteda special three-polarization measurement techAfques
large single-crystal pieces of CuO along with inclusions ofused. It involves the measurement of three reflectivity spec-
other phases. From this conglomerate the largest CuO singtea per crystal face for different polarizations of almost nor-
crystals were extracted and oriented using the x-ray diffracmally incident light: vertical(0°), horizontal (90°), and di-
tion. As usual, natural crystal faces were presumably ofigonal (45°). In principle, the knowledge of these spectra

(110) and (]3)) orientation. This face orientation was used should be enough to calculate the refleCtiVity for any other
in previous papers where infrared reflectivity measurementgolarization direction. In particular, the relatioR(0°)

were performed. However, for the reasons mentioned abové R(90°)=R(45°)+R(—45°) should work. We especially
we aimed to obtain th€001) (the ab plane and the(010) checked the validity of this relation and experimentally
(theac plane crystal faces with a large enough area. TheseProved that it holds with a good accuracy. Such a technique
two mutually perpendicular faces were cut on one selectetp necessary for monoclinic crystals, where directions of
single-crystal sample, which was used for measurement difincipal dielectric axes depend on frequency.

all the reflectivity spectra presented in this paper. Cuts were The sample was mounted with a good thermal contact in a
polished with a fine 0.06um Al,O, powder. Microscopic con'qnuous—flow Oxford Instruments cryostat with an auto-
ana'ysis of the Surfa&% has Shown that the Crystal is matic temperature Contl’0|. SpeCtI’a were measured at tem-
twinned. Fortunately, one twin orientation was almost com-Peratures 300, 250, 240, 230, 220, 210, 200, 180, 150, 100,
pletely dominating; the domains of the alternative twin ori-and 7 K, so that special attention has been paid to the range
entation form narrow stripes covering less than 5% of surin the vicinity of Ty =230 K andTy,=213 K. The tem-
face area. Such domination was also confirmed by the x-raperature setting accuracy was about 1 K.

Laue snapshots, where no detectable reflections correspond- A reference for the absolute reflectivity was provided by
ing to the alternative twin orientation were observed. Thein situ evaporation of a gold layer on the surface and con-
structure of twins is sucfi that theb axis direction is the secutive repetition of the same set of measurements for every
same for different twin orientations; all twin reflections are temperature. Such a procedure has compensated errors asso-
within the ac plane. So a minofless than 5%contribution  ciated with not only nonideality of the sample face but also
of other twin domains is possible for tH10 face reflec- the thermal deformation of the cryostat cold finger. To ac-
tivity spectra. For the case of reflection from @91) face, count for a possible drift of a single-beam intensity due to
whenE| b, all twins contribute in the same way and twinning source and detector instability, every sample-channel mea-
has no effect. The Lauegram has shown tbatl) and (010 surement was accompanied by a measurement of the inten-

sions, having the lowest fraction of the alternative twin ori-

B. Reflectance measurement

A. Sample preparation and characterization
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sity of the light beam passed via the secdreference chan-
nel without reflection from the sample. The mirror position
reproducibility after switching from the sample to the refer-
ence channel was checked to be good enough.

IV. SPECTRA TREATMENT

A. The dispersion analysis

PHYSICAL REVIEW B 63 094303

“three-polarization” measurement scheffieare expressed
in terms of the components of:

Roo( @)= |rxx(w)|2+|rxz(w)|21
R45(w):(|rxx(w)+rxz(w)|2+|rxz(w)+rzz(w)|2)/21

RQO((U):|rxz(w)|2+|rzz(w)|2- (6)

Let us introduce the orthogonal system of coordinates

{xyz: x||a, y||b, zLa, zL b so that there is a slight inclina-
tion (~9.5°) between axeg andc. Due to the monoclinic
symmetry the whole three-dimensiorfdD) dielectric tensor

€ is the composition of two components: the scalgs €,
along theb axis and the 2D tensa, = (%49 within theac
zX~zz

plane (e4,= €, is expected without external magnetic field
The dispersion formulas are:

2
wp'i

ep(w)= €5+ > —————, (1)
LA 070~ 0"~ 1Y@
wz‘
. . oi
eac(w)zfac+z 2 > .
LBy T~ @ 1Y@
cosb; cos, sin 6,
X . . , 2
cosé, sin 6, Sir o

where w1 j—the transverse frequencyy,;—the plasma
frequency,y; is the linewidth of théth mode,§,—the angle
between the dipole moment of thth mode and the axis
(for the B, modes only, e is the high-frequency dielectric

constant along thé axis, andE:C is the high-frequency di-
electric tensor within thec plane. Theb axis complex re-
flectivity r, and the measured reflectance of 881 plane

for E|b are expressed via the dielectric function:

_1—\/€b((1)) B )
rb(w)——l+m, Ry(w)=|rp(w)|*. 3

The complex reflectivity tenscfrac can be expressed via

the dielectric tensog,. by the matrix formula, which is for-
mally analogous to Eq3):

Fac(@)=[1- Vead @) ]-[1+ Vea @)L, (@)

where 1lis the unity tensor. The matrix square root naturally
means, that the matrix is first reduced to the diagonal form
by a proper rotation, the square root is then taken from each

diagonal element, and finally it is rotated back to the initial
coordinate system. The “-1” exponent implies calculation of
the inverse matrix.

The reflectance of thé010) plane depends on the direc-
tion of the incident light polarizatioe= E/|E|:

Rac(wae)leac(w)elz- 5)

The phonon parameters can be obtained by fitting of the
reflectance spectra using the written above formulas. To ob-
tain the A, modes parameters th,(w) spectrum is fitted.
The characteristics of th&, modes, including unknown
angles#,;, can be extracted by simultaneous fitting of three
spectraRypy(w), Rys(w), andRgy(w) from the (010) plane.

B. The Kramers-Kronig analysis

For the caseE|b the Kramers-Kronig KK) analysis can
be performed in a usual way because one of the dielectric
axes is parallel to this direction. Due to the low crystal sym-
metry, the directions of the two other principal dielectric
axes in theac plane depend on the frequency, which pre-
cludes the straightforward application of the KK method to
theac plane reflectance data. For this case we used a modi-
fied version of this technique, which allows to determine
frequency dependence of all the components of the complex

reflectivity tensor ac, provided that three reflectance spectra
Roo(®), Rus(w) and Rgg(w) are measured in wide enough
frequency range. The details of this KK method generaliza-
tion are described elsewhéte.

For a correct implementation of the KK integration, the
reflectivity in the range 6000—37 000 crhwas measured
using the Woollam(VASE) ellipsometer system at room
temperature. At higher frequencies thé* asymptotics was
assumed. At low frequencies the reflectivity was extrapo-
lated to a constant. One should mention, that after that pro-
cedure some uniform physically unreasonable shift of the
complex reflectivity phase was present for the low-
temperature datéespecially at 7 and 100)Kwhich is pre-
sumably due to neglecting of the temperature dependence of
the high-frequency reflectivity. Some correction for that was
provided by shifting of the complex reflectivity phase
equally at all frequencies in order to make it as closertas
possible in several selected frequency points where no strong
absorption is observed.

V. RESULTS AND ANALYSIS
A. E|b

The reflectance spectra for t1§601) plane, whenE|b,
are shown at Fig. 3. In this configuration only thg TO
modes should be active. Exactly three strong modes are ob-
served: Al (~160 cml), A2 (~320 cm!), and A3
(~400 cm't), which confirms the FG-analysis predictions
for the established CuO crystal structure. The most drastic
temperature changes take place in the range 350—550',cm

The reflectances for values 0°, 45°, and 90° of the anglavhere the Reststrahlen band corresponding to very intense

between the electric field vector and tkeaxis used in the

lattice modeA? is situated. The reflectivity maximum el-
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FIG. 3. Reflectance spectra for tk@01) plane for polarization
E|lb as a function of temperature.

evates from 65 to almost 100%; it moves to lower frequen-

cies upon cooling down the sample. This indicates, that the
mode experiences strong softening and narrowing as a tem-
perature is decreased. A sharp feature<aB0 cm! is of

apparatus origin and should be ignored. 0000 200 300 400 500 600 700 800 900 1000
In addition to three strong modes, at least five “extra” Wavenumber (cm™)
structures in these reflectivity spectra are detectable “by
eye” (Fig. 3. The first structure is a dip at425 cm!t just FIG. 5. Fitting of the measured spectra for different polariza-

on the top of the Reststrahlen band, which becomes visuall§fons at 100 K by the dispersion formulas.
evident below 210 K. The second isa85 cni ! structure

also on the top of the same Reststrahlen band seen at 100 ¢ deviations are observed only in the range of additional
7 K. The third feature is a-630 cn! peak(see inset ~ Mmodes. The relative weakness of additional structures en-

which is very smallbut observableat 300 K, and becomes Sures that errors associated with the fundamental modes will
significant at low temperatures. The fourth structure is highbe small. The parameters of three-principa) phonon
frequency mode-690 cmi * (see inset which is very ob- modes obtained by such a fitting as a function of temperature
vious at 7 K (690 cm) and 100 K (680 cm?), still de- are shown at Fig. 6. Parameter values at 300 arK are
tectable at 150 K {650 cm '), and not seen at higher Presented in Table I. The LO frequenciego were calcu-
temperatures, probably, because of strong broadening. THated using thawro and wp. _ .

fifth structure is seen at 165—170 chat the top of the Frcl)m F'9-26 a conclusion can be drawn immediately that
Reststrahlen band of th&l mode (Fig. 4). It is better ob- the A; and Aj; modes behave in a quite similar way, while

servable at low temperatures; but even at room temperature

the form of the Reststrahlen band differs from a single-mode 123-‘5’ ﬁgl T

shape. . ; _ " 1620 a0f a3 F3

The_ observatpns by eye should be a_Lccompamed by G 1615 sl Pu ¥

numerical analysis. The dispersion analysis of spectra ha: o161.0 380 [ L

been performed in two stages. In the first stage, in order tc 8 1693 370 E_T\"-II‘ r
3e0 oLl Lo

. - L 160.0 g
determine the characteristics of the principal modes, we have 0 100 200 300 °2° 0 100 200 300 . © 100 200 300
fitted the reflectivity curves with introduction of three modes 200 117 T ggo[T T T
'5-220h\y T

I
only. The experimental and fitting curves are compared at —~ 190t

Fig. 5@) for the T=100 K. The fit quality is good enough;  § E 200F 4 - s4of 's |

S 180} - = ] 9 3 \i.
o - i 180~ ik -] 800 3

3 170 | - E '\i\i h

o TR A IR I I I v R

F'E 0.8 0 100 200 300 O 100 200 300 0 100 200 300

- 20 ey S0 Ty 80 T

3 06 — B i b B Y 1

> L s | B 5 60 |- 5
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&30.0 - 2 O.OF' Lo Y AP T I BN e, SN
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Wavenumber (cm™) T (K) T (K) T (K)

FIG. 4. Reflectance spectra for t(@01) plane for polarization FIG. 6. Parameters of the principa|, TO modes, obtained by
E|lb as a function of temperatur@nlarged view of the'\l1 mode  the 3-mode dispersion analysis of the reflectance spectra for the

region. (001) plane,E|/b. Vertical dotted lines denot&y; and Tys.
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TABLE I. Parameters of principal IR-active phonon modes at 300 and 7 K, derived from the dispersion
analysis of reflectance spectra. All values are given intrexcept for the angles, which are expressed in
degrees. The high-frequency dielectric tensor components are almost temperature independent. Their values
at 300 K areey,=7.3, €,,=5.9, €,,=6.8, €,,= —0.8.

300 K 7K

Mode wTo w0 wp 0 y 01O w0 wp 0 Yy

Al 160.5 168.3 166.7 - 15 1625 1711 1883 - 0.5
A2 3215 3242 1695 - 4.3 3239 326.8 2135 - 1.3
A3 408.7 535.6 805.7 - 446 3785 5094 8044 - 3.8
B! 1449 1496 123.0 53.0° 1.3 146.6 151.2 121.1 54.1° 1.2
B2 469.6 620.7 908.0 30.5° 106 480.6 6255 883.8 35.1° 18.1
B2 522.8 5855 957.2 —57.6° 7.0 536.2 589.1 922.6 —54.7° 6.5

the highest-frequenci’ mode is significantly different. The fitted by the usual Lorentzian term; the reason is evidently
AllJ and Aﬁ modes are steadily hardening with cooling Very strange line shape of this mode, which we are not able
(~1%), with some increasing of the slogyro/JT below O explain now. The first fit was performed at 7 K, when

Ty. In contrast, theA‘:' mode slightly softens with cooling additional structures are mostly sharp. Other spectra were

down to theTy,, then undergoes a drastic sharp softeningiied i sequence 100,150..,300 K. At each step the os-

. . o cillator parameters, corresponding to the previous tempera-

(~10%) in the_ vicinity of the_ transition temperature and ture serr\)/ed as initial approﬁ)(imatign for thepleast—squarez fit-
then hardens with furthzer C°°|'3”g frofy, down to the he- 4o parameter confidence limits were always calculated by
lium temperature. Théy, andA, modes are relatively nar- he “covariant matrix” method(see error bars at Fig.)7
row at 300 K and exhibit further narrowing with cooling which takes into account possible correlation of parameters.
with some dip at the transition temperature. On the contraryln this way it was possible to extend curves of modes
the A2 mode is very broad at 300 K, and broadens more with167 cni'l, 425 cni?, and 480 crit up to room tempera-
approaching thely. Its linewidth has a pronounced maxi- ture; the 690 cm® mode was fitted only foT <150 K be-
mum in betweerTy; andTy,. In the AFM phase it quickly cause at higher temperatures fitting could not give reasonable
narrows with cooling down. values of parameters for this mode. The errors in determina-

In the second stage, in order to determine or, at leastion of additional modes are relatively larger than those for
estimate parameters of the mentioned “extra” modes, addithe principal ones, which is natural, in view of their small
tional fitting of spectra with introduction of both principal intensity. In general, errors are smaller at lower tempera-
and “extra” modes has been performéske Fig. 7. It was  tures.
possible to fit the structures at 167 ch 425 cm?, The temperature dependence of TO frequency of the ad-
485 cmi'l, and 690 cm?. The 630 cm?! peak cannot be ditional mode 167 cm! is more or less typical for phonons

N
[~
o

172 440! T T T 7 E T LI LI LI |
17 430k 480 & 69 i
'E 170 E\ sk 68 -
£ 169 420[° 4ok 67 -
2 168 s10fF - 65 E
3 167, s 465~ 65 J
166 o 400~ ; 460 |- 64 -~
165 ~ ool Uiy il gssll o 1 o | P | T PR R
0 100 200 30C%0" 105 200 300 © 100 200 300 O 100 200 300
0T ST T 200 T X Y150 ¥
—~ T4a00 el FIG. 7. Parameters of the “extra” modes, ob-
‘e 20 [ [ 100 tained by the fullboth principal and extra modes
s ~ s0op 120 -+ : . . .
=10 200 - . [ - B are considereddispersion analysis of the reflec-
8 i S g S 3 e . 50 - o tance spectra for th@01) plane,E||b. Error bars
ol 1 v iy OF,/T C T 4°|1ll Lo T L] indicate parameter confidence limits and reflect
0 0 1 Il LN | B H H -
0 100 200 300 0 100 200 300 "0 100 200 300 o 100 200 300 pOSSIbIe cor.relatlon of different parameters. Ver
10 177 8o tical dotted lines denot&y, and Tys.
I . T 1 7 50
8 _' 80 LI B IR |
= 7° 60 or 3
‘e © 1. 30 [ .
\L.)/ 4 - 40 - -
= 20 -
2 4 2 20 — 1
: 10 -
0 M |¢' 0 : -
0 3
0 1.?.0(?;0 300 0100 200 300 " o 100 200 300 o 100 200 300
T (K) T (K) T (K)

094303-6



INFRARED SPECTROSCOPIC STUDY OF CuO: ... PHYSICAL REVIEW B 63 094303

1200

sonable to attribute physical meaning to increasing of the
plasma frequency of these modes above 200 K: their plasma
frequencies are just subtracted from the plasma frequency of
the Aﬁ mode without significant influence on the fit quality,
which is manifestation of the oscillator strength sum rule.
For the 690 cm?® mode the dispersion analysis results con-
firm visual observations: anomalously strong hardening upon
cooling and strong broadening with heating. The latter, prob-
ably, precludes satisfactory fitting of this mode at higher
temperatures.

The curves of theb-axis optical conductivityop(w)
=w Im e,(w)/4m, obtained by the KK transform of the re-
flectivity spectra for each temperature, are shown at Fig. 8

FIG. 8. Optical conductivity obtained by the Kramers-Kronig (the conductivity is expressed in the practical units
transformation of reflectance spectra for (001) plane,E[basa (-1 c¢m~ 1)_ The conductivity is very illustrative to show a
func_tion 01_‘ temperature. E)nly T,@” modes shoulld be seen in this remarkable difference between tAé andAﬁ narrow modes
configuration. Inset: the “extra” mode-690 cm . and theAﬁ mode exhibiting a puzzling temperature depen-
dence. The sharpness of tAé and A2 modes and the ab-
sence of th&, modes contribution to this spectrum confirms
% good sample quality and its proper orientation.
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(the value of 171 cm? at 7 K is anartifact of the dispersion
analysis with no physical meaninddn the contrary, the 425
and 485 cm! modes demonstrate a puzzling temperatur
dependence, similar to that of t#% mode 400 cm?. First
of all, there is no indication of disappearance of these modes B. Eflac
above the AFM transition, although they are not clearly seen The reflectance spectra from tf@L0) plane for three po-
“by eye.” Nevertheless, the transition strongly affects pa-larizations of the incident light Ry, Rss5, and Rgg) are
rameter values of these modes. Both modes soften strongshown at Fig. 9. Th&, TO modes are expected to appear in
aboveTy and harden strongly beloily, . The modes narrow these spectra.
below Ty (which facilitates their visual observatiprand are The narrow modeB} (~145 cm') is clearly observed
very broad at higher temperatures with a strong maximum &h all polarizations. Its intensity depends, of course, on the
the transition point. The temperature dependencies of thesdight polarization, i.e., the angle between the electric field
modes parameters are masked by large error bars, thereforector and the mode dipole moment. A strong Reststrahlen
only qualitative conclusions can be drawn. It can be exband is seen in the 450-600 cfrange. The shape and the
plained by some correlation between parameters of thessenter position of the band is polarization dependent, which
modes with ones of th&3 mode. It is a typical problem for is consistent with a suggestion that it is actually formed by at
several broad closely located modes. Therefore, it is unredeast two high-frequency intense modes. In g (El|a)

and R,s spectra one can observe some minor contribution
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from theAl (162 cm') andAZ2 (324 cm ) modes, which
should be, in principle, not observed in this geometry. The
possible reason is some misorientation of the sample, there-
fore projections of the dipole moments of thg modes are
nonzero, although quite small. In this case these modes
should be not in the TO regime, but more close to the LO
state, because their dipole moments are almost parallel to the
wave vector. As has been already mentioned, a spike at about
130 cmi ! is of apparatus origin.

As is in the case oE|b, some extra structures are seen.
The first is a broad band in the range 380—425 ¢&nit is
especially pronounced fd#||a, less evident for intermediate
polarization and absent fdEL a (see the left insets in Fig.

9). A dip at 425 cm!, undoubtedly correlates with the dip

at the same frequency at reflectanceEfb. The second is a
pronounced structure consisting of a peak~a480 cni'!

and a dip at~485 cm ! in the Ry Spectrum, existing at all
temperatures. In spite of proximity of this frequency to ad-
ditional structure at Fig. 3, a completely different tempera-
ture dependence suggests that these modes are separate. The
third structure is a dip at-507 cm ! on the top of the

Reststrahlen band &y, andR,5 (see the right insets in Fig.
9). This frequency is very close to the LO frequency of the

FIG. 9. Reflectance spectra for tt{@10 plane for different
polarizations as a function of temperatui@.Ryg; (b) Rss; (C)Rgp-
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the LO regime, which is seen in this spectrum for the same £ 52 L T \3 30.0 |- e [ i

reason as thé&! and A2 modes argsome misorientation of Y NN PV , o ot v 1y ]

crystal axegs The fourth structure is seen in the vicinity of 0 100 200 300 0 100 200 300 O 100 200 300
the Bl mode(Fig. 10. The shape of this mode is such that it T (K) T (K) T (K)

is worth to suggest, that it is actually composed of two dif- FIG. 11. Parameters of the T@, modes, obtained by the

ferle:nt modheisee, espeCIaIIfy, .Flg' Iﬂ)]'d ith i ducti 3-mode dispersion analysis of the reflectance spectra fofOth@
oreac temperature a 'thg procedure WIth Intro UCtlorblane. For each temperature three spectra for different polarizations
of 3 oscillators, Correspo'ndlng to principBl, modes(one of the incident light were fitted simultaneously. Vertical dotted lines
low-frequency and two high-frequency ondsas been per-  genoteT,, andTy,.

formed. The phonon polarization angles were adjusted along

ith other phonon parameters. SpecRg, R4, andR . L .
w b b PeCksy, Ras % pelow). The oscillator polarization angles do not signifi-

were fitted at the same time. The fit quality b= 100 K is cantly change with frequency. The maximum angle change is

seen in the Figs. (6)—5(d). One can see that thBLl, o Lo : . i
145 ¢! mode as well as the general shape of the Restff —5°, while the change of the relative angle between dif

strahlen band at 450-600 crh are satisfactorily repro- ferent oscillators polarization is less than 2°.

o . We have tried to fit “extra” modes by introduction of
duced, confirming a suggestion that only three strong phonon | ... . . . .
AP . additional Lorentian terms to the dielectric function. The at-
modes are present. A bump at about 620~ éns fitted with-

out invoking additional Lorentzians: it results from the tempt was successful only for the structure 147" ¢mear

1 P .
noncollinearity of the mode and the incident radiation polar-the BU mode'. Its charagtgnsﬂcs as well as slightly corrected
by introduction of additional mode parameters of tBg

izations. Parameter values at 300dan K are presented in X . i .
Table I. mode are presented at Fig. 12. A failure of the dispersion

The temperature dependence of Bygphonon parameters model to describe other structures can be explained either by
a non-Lorentian shape of “extra” modes or by the influence

is presented at Fig. 11. Unlike the case of #he modes, L ; o
there is no significant difference in the temperature depen?! Winning, which, although less than 5%, could be signifi-

dence of parameters of the low- and high-frequeiy  cant for analysis of weak modes.

modes. All modes are monotonically hardening with cooling Bo invegtigztt;; 'the ltrue shape OI] thEKprincilpaI' ph(f)ncr)]n
down, with a positive kink afTy for the Bﬁ mode and a 'MPdes and a itional structures, the analysis of the

negative kink for théd2 mode. The plasma frequencies of all fac—plane datg for the mentioned set of temperatures was
. us e o implemented in the extended forthlt Fig. 13 all the com-

modes have slight maximum at the transition temperature. . o -

Two high-frequency modes are much more intense than thBonents of the optical ~conductivity tensobac(w)

B mode. The linewidth of all the modes doesn’t decrease= @ IM €xc(w)/4m are plotted for selected temperatures.

with cooling down. Instead, it increases at low temperaturesNote that the off-diagonal componem, may have any sign

One should be careful in a straightforward interpretation ofunlike the diagonal componenis,, and o, which must be

this result, because the line shape is not described perfectlpositive.

especially one of the high-frequency modes. The true line- The polarization angle of thBF mode is 35°, which is

width is better seen from the optical conductivity graghe  close to the direction of thg101] chains. TheB? mode is
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FIG. 13. Components of the optical conductivity tenégg(w)
for selected temperature®) oy, (b) o,,, and(c) oy,.

spectra, where thé, and B, modes are separated and ex-

cited in purely transverse regime. All the quantitative and

even qualitative deviations with previous ddtee below

can be ascribed to a different way of spectra measurement

and analysis.
In Table Il the phonon frequencies at room temperature

the reflectance spectra for ti@10) plane. Error bars indicate pa- Previously obtained by means of infrared spectrosEdpy

rameter confidence limits. Vertical dotted lines denfige and T .

almost orthogonal to thBﬁ mode: the angle is-55°, which

as well as neutron scatterftfgare collected. It is seen that
the most serious discrepancy between reported values of
phonon frequencies takes place for modds B2, andB2,

is close to thg 101] chains direction. Therefore, with some which are very intense and manifest the largest LO-TO fre-

approximation one can state, that tBg and B2 modes are

stretches of thg101] and [101] chains correspondingly,
which is in agreement with several lattice dynamical
calculations-°-12?223\ote, that such orthogonality is not de-
termined by the crystal symmetry. The polarization angles of
both modes are almost temperature independent. The right
angle between the dipole moments allows one to switch to
the coordinate system formed by them and thus approxi-
mately separate the contribution of these modes in the con-
ductivity curves. Figure 14 presents such a conductivities
corresponding to these two directions. It is seen that modes
are separated indeed, which can be considered as an the ad-
ditional proof of their orthogonality. It should be stressed
that in such a way the conductivity tensor is approximately
diagonalized in the range of the modﬁé and Bﬁ only; for
other frequencies, e.g., in the range of Bﬂemode it is not
valid.

VI. DISCUSSION

A. Comparison with previous results

1600

quency splitting. The pure TO mode should have the lowest

1400
1200
1000 |

800 -

200

0
400

450 500 550
Wavenumber (cm™)

600

FIG. 14. The diagonal components of the optical conductivity

A comparison of our data with previously reported resultstensor in the coordinate system based on the dipole moments of the
of IR studies of CuO cannot be direct, because we measuref (a) andB? (b) modes.
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TABLE II. Frequencies of the principa, and B, modes(in cm™1) at 300 K obtained by different
research groups.

Klicheetal. Guhaetal. Narandetal. Homesetal. Reichardt et al. This
Mode (Ref. 10 (Ref. 11 (Ref. 12 (Ref. 13 (Ref. 22 work
Al 161 168 163 166.5 160 160.5
A2 321 325 324 323.7 326 3215
A3 478 465 444 450.0 423 408.7
B& 147 150 147 147.6 142 144.9
B2 530 510 515 516.0 480 469.6
B2 590 570 586 566.0 520 522.8

@Data for the 77 K.
PNeutron data.

possible frequency, which is in nice agreement with the curbelow the Nel temperature. It is well establish&@?® that
rent result: our reported frequencies are smaller than thosgin correlations in the AFM101] chains are present well
reported in other IR spectroscopy papers. One should merhove the Nel temperature. At high temperatures one can
tion a much better agreement between our data and the rgonsider the magnetic interaction to be of quasi-1D charac-
sults of neutron-scattering experimeftsyhere characteris- ter. In the 1D Heisenberg AFM chains wis=1/2 and ex-
tics of pure TO modes were determined as well. changeJ there is a continuum of triplet excitations with
The softening of theAﬁ mode was reported by Homes |ower and upper boundary cun?é$® e,,(q)=(J/2)sin@)
et al,’® who observed a sudden drop of the phonon fregng emad0)=mJsiN(@/2). A large linewidth of theA® mode
quency at the N transition from 450 to 430 cit, i.e.,  can be explained by its interaction with continuum of mag-
~5%. Our data qualitatively confirm this interesting result. netic excitations. Below the Né point an exchange interac-
We observe even stronger effect: the TO frequency dropgon in another direction gives rise to long-range magnetic
from 410 to 370 cm* (~10%), which is twice as large as ordering and a continuum of spin excitations collapses to the
was reportedFig. 6). magnon dispersion curves, which, in turn, results in narrow-
A work by Homeset al.,*® was thus far the only paper, to ing of the phonon mode.
our knowledge, where IR spectra of single-crystal CuO at The reason for an exceptionally strong interaction of the
low temperatures were studied. Authors didn't report anya3 mode with spin excitations one should look for in analy-
new IR-active modes below the Bletemperature; it was s of its eigenvector. Several lattice dynamical calculations
implied, that_ no additional lines are present at higher teMyere performet?~122223 which yielded the lattice mode
peratures either. However, an absence of extra IR-activgijgenvectors. According to results of all the calculations this

modes is quite strange, if one compares it with an observayoge is characterized by the largest displacement of the oxy-
tion of at least five “unexpected” lines in the Raman

spectral® Conversely, according to our data, several “extra” 1.05
modes are present in IR spectra in the whole 7-300 K fre-

guency range. We believe, that better orientation of the wave § 1.00 |
vector and polarization of the incident radiation may facili- o
tate observation and analysis of minor IR-active modes. 2 0.5
= 0.
el
B. The A3 mode anomaly g
0.90

TheAfJ mode among other principal IR-active modes be-
haves in the most anomalous way. It is demonstrated at Fig. I
15, where relative RT-normalized TO frequencies and rela- 0.15
tive linewidths of all six principal modes are plotted together
on the same graph. A close relation between magnetic order-
ing transition at 213—-230 K and temperature transforma-
tions of this mode is without any doubt.

At 300 K and, especially, at the transition temperature the
mode is anomalously brogd2-15 %, which indicates, that
it is strongly coupled to some system of quasiparticles. The 0.00
most probable candidates are the low-energy magnetic exci-
tations. It may be proposed that if there is a strong coupling
between spin excitations and ti¢ lattice mode, the tem- FIG. 15. Relative characteristics of the principal IR-active pho-
perature transformations of the mode can be explained bgon modes in CuQ@ The RT-normalized frequencyb) the rela-
reconstruction of the magnon spectrum upon cooling downive linewidth. Vertical dotted lines denof&y; and Tyg,.

(Mo (T)

0.05

T(K)
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gen atoms along thb axis. It results also in a large dipole
moment of this mode. As a consequence, the Cu-O-Cu chain
angle experiences the largest variation, whenAfienode is
excited. The copper spins are coupled via the superexchange
interaction, which is very sensitive to the Cu-O-Cu angle. In

the[101] chains the angle is equal to 14@®ig. 2), which is

close to the 180° superexchange. It gives a negative ex-

change constant and AFM interaction. However, the 90° su-

perexchange is expected to be posffv@n indirect confir-

mation is the ferromagnetic exchange along [th@l] chain

with angle equal to 109°), and there exists some intermedi- FIG. 16. Theac-plane projection of the Brillouin zones corre-

ate angle, where the superexchange is changing sign. ThergRonding to dlﬁergnt _unlt cell_s. Thick solid I|ne—pr|m_|t|ve cell

fore, the motion of atoms, corresponding to excitation of thet® (8+b)/2.c}, solid line—unit cell {a,b,c}, dashed lineta

Aﬁ mode can significantly vary the value of the superex-+c’b’a_c}’ dashed-dotted lin¢2a,b,c}.

change coupling constant. A strong chain bending probably

could alternate the exchange sign. n . - . .
Due to energy and momentum conservation a zone-centai€ Cij Coefficients are characteristics of spin-phonon inter-

phonon can couple to a pair of magnabémagnon having act|on; in principle, they may have any sign, depending on

opposite wave-vectors and one-half frequency of the phonori€ eigenvector of the particular phonon mode. The“m(_)d”e

Another option is interaction with a single zone-center opti-Sifong hardening is supposedly due to the second “spin

cal magnon of the same energy. The magnon dispersiotr?rm: magnetic ordering gives add_monal Iattlcg rigidity.

curves have been studied by inelastic neutron scattéfing. | "€ Same phenomenon is possibly responsible for another

One acoustic and one optical branch were observed; the eAnomaly, namely, the change of slopero/JT of the prin-

ergy of optical magnon at thd point is 5.6 THz _C|pal phonon modes at the Nleéoomt(sege Figs. 6 aljd J.zllt

(187 cntl), which is very close to one-half of t&® mode 1S S€en that for the mo.d@éj, A ,zandBu the slope is hlgher

frequency (370—380 cit at low temperaturés while no I the AFM phase, while for th&; mode the slope is higher

optical magnons near 370—410 chwere observed. There- atT>Ty; for the B; mode it does not change at all. Such a

fore, taking into account the energy conservation considerdifference can be explained by different values and signs of

ations the “bimagnon” or, in particular “optical bimagnon” coefficientsCj; .

scenario of resonant phonon-magnon coupling is the most

probable. The parity-based selection rules for the mentioned D. “Extra” zone-center modes and zone folding

processes are rather nontrivial in a such a low-symmetry sys- o - o

tem as CuO, therefore their discussion is a subject of the Activation of additional phonon modes in infrared and

further publications. A more detailed theory of this effect hasR@man spectra is usually a signature of unit cell multiplica-
to be developed. tion and zone folding. Such activation is in effect in CuO. As

is stated above, several “extra” IR-active modes are ob-
_ _ _ _ served. In the Raman spectra five new modes were detected
C. Other signatures of spin-phonon interaction at low temperatureX. Authors related their frequencies to

The anomalous properties of t#é mode is not the only the phonon dispersion curves obtained by inelastic neutron
manifestation of the spin-phonon interaction in Cu@- scatt%rméz at the zone boundary point. In the paper of Chen
though the most prominent onedther modes also demon- €t @l this point was referred to a&'. We follow the origi-
strate some anomalies, most likely related to the magnetig@! notation and designate it by (see Fig. 4 in a paper of
Ordering_ Re|Cha|:'dtet al. 2) ) ) )

One type of anomaly is unusually strong hardening of At Fig. 16 the Brillouin zones corresponding to several
some “extra” modes belowly,. The most outstanding ex- sphemes of the unit cell multiplication are dravan projec-
ample is reported in this work hardening of the 690 ¢m tion to theac plang. In these schemes different symmetry
mode from 650 cmt at 150 K to 690 cril at 7 K and  Points fold to the zone center. It is easy to prove, that folding
strong hardening of the the Raman-active 240~ &mode of the X point to the zone center is equivalent to disappear-
found by Cheret al1® To our mind, these effects are related. 2NCe of the nontrivial translatioraft b)/2, or base centering

We would follow the idea of explanation given by the same®f the space group. In this case the primitive cell should
authors. The phenomenon can be viewed as a nonresondfifrease at Ieaﬁt two times. _
spin-phonon interaction, when spin products in the Heisen- !N Table Il “extra” IR active and Raman-active mode
berg Hamiltonian can be approximated by their effective avfrequencies are collected. Each mode frequency is related to

erages. In this case the temperature dependence of the pHdoSe phonon energgif any) in symmetry pointsx(1,0,0),
non frequency is expressed by: A(1/2,0,1/2),B(1/2,0,0), orC(0,1/2,0) at 300 K. To make

comparison more reliable, the “extra” modes frequencies
are taken at temperature as close as possible to 300 K. One
wﬁ(T)= wﬁ0+2 C{] ‘<SiSj>(T)- (7) can see, that many modél Raman-acnv_e and several IR-
i active oneps have close analogs at thepoint. At the same

094303-11



A. B. KUZ’MENKO et al. PHYSICAL REVIEW B 63 094303

TABLE lll. Frequenciesin cm 1) of zone-center “extra” modes, obtained from IR and Raman spectra,
and close phonon frequenciéalso in cnT!) in some off-center symmetry points of the Brillouin zone,
obtained by inelastic neutron scattering at 300 K. IR and Raman(diéttathe exception of the 690 cni
mode are presented at temperatures as close as possible to 300 K.

IR/Raman(Ref. 15 data Inelastic neutron-scattering daRef. 22
X A B C
Activity Frequency (1,0,0 (0.5,0,0.5 (0.5,0,0 (0,0.5,0
IR 690 ? ? ? ?
IR 630 630 - 633 -
Raman 507 513 - - -
IR (E||b) 480 - 485 473 487
IR (Ellac) 475 - 485 473 487
IR 430 437 - - -
Raman 331 330 - - -
Raman 240 243 - - -
Raman 218 220 223 - -
Raman 175 177 - - -
IR 165 - 167 - -
IR 147 - 143 - 150

time, other IR-active moded47, 165, 475, and 480 cm) C; position. However, the alternative space group for the
could be phonons from th& point, or, in some cases, from CuO, proposed by Asbrink and Waskowska, is not centro-
the B or C points. The 690 cm! mode is a special case: due symmetric C‘S‘); the solution of this mismatch is unclear.
to strong hardening of this mode with cooling and failure to  One of the central issues is the mechanism of the unit-cell
observe it at high temperatures, the comparison to the 300 Kultiplication and formation of superstructures. There exist a
dispersion data is impossible. In addition, the mode energy igariety of examples of such effect, when “extra” IR and/or
higher than the upper limit of the reported frequency regiorRaman modes are emerging, which are undoubtedly the
in the neutron-scattering experiment&20 THz, or  zone-poundary folded phonons. In the extensively studied
667 c'mfl). The phonon'dlspersmn curves at low tempera‘compounds CuGefande’-NaV,0s the unit cell doubles as
tures in broader energy ,|’nterval are desirable. a result of spin-phonon interaction, and IR modes are
Although some “extra” modes have analogs in8erC 016728 Another example present compounds with a

points, foIging of theA.andX points to thg zone cent@he charge disproportionation, out of those the BaBi® prob-
A+ X folding schemgis the simplest option to explain ap- ably the most famous one. In this system the bismuth is

pearance of all “extra” modes. It corresponds to the “diag'disproportionated according to scheme: 2*'BiBi®*

onal” doubling of the unit celfa,b,c}—{a+c,b,a—c} (see 5 T

Fig. 16. This scenario looks attractive, because crystal axed B and atoms in different vaI:ence f,tatgs form super-
correspond to principal anisotropy directions for severals,truggure' which is a reason for “extra” quite strong IR
physical properties(exchange constants, sound velocity, "€ _

principal dielectric axes, efc.and the unit cell is the same as ~ The Jahn-Teller nature of the €uions makes one to
the magnetic unit cell in the AFM phage. consider also a collective Jahn-Teller effect as a possible

In the framework of this scenario th& principal mode, engine of superlattice formation. It is worth mentioning that
the 485 cm® and the 425 cm!® “extra” modes should be lattice distortions due to this effect are often observed in
the phonon modes from the poirits A, andX correspond- Perovskite manganese oxidéthe Jahn-Teller ion there is
ingly belonging to the same dispersion branch, according t#In*"), known for their possession of the colossal magne-
“rigid-ion” modelling of dispersion curves by Reichardt toresistance phenomen?)‘h?l’he electron-lattice coupling in
etal? It is in a good agreement with some similarity of these compounds is responsible for a variety of unusual ef-
temperature dependencies of parameters of these nigeles fects like charge, spin, and orbital ordering. Although the
Figs. 6 and 7. copper site in the CuO is less symmetric than one in an ideal

In summary, we propose, that in reality the crystal struc-perovskite structure, we cannot exclude a further lowering of
ture is more complicated, than was considered before; it ithe symmetry due to Jahn-Teller effect.
the case, to our mind, already at room temperature, because So the question about particular type of spin-charge-
most of “extra” IR-active modes are present in the whole lattice ordering in CuO is open. It could be closely connected
temperature range. Based on the fact that IR-active andith formation of inhomogeneity phases in cuprates. Un-
Raman-active modes have different frequencies one can sugeubtedly, to circumvent this problem more experiments,
gest that the crystal space group is still centro-symmetrice.g. the low-temperature structure refinement by the single-
although the copper atoms are not necessarily located in tharystal neutron diffractiod: has to be conducted.
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TABLE IV. A comparison of the high-frequency dielectric atoms, therefore effective charges of copper and oxygen can
function and oxygen transverse effective charges for the cupric oxbe unambiguously calculated using the sum rule and electri-

ide CuO and some relevant copper oxides. cal neutrality condition, unlike the case of more complex
oxides® The most important is the transvergBorn)
Compound € er (e chargee , which involves both stati¢ionic) and dynamic
CuO, E[[010] 5.9 1.96 (electronig contributions to the dipole moment, induced by
CuO, E|[101] 6.2 2.06 the e_xternal electric field. In the case of thf gmsotropp sys-
Cuo, E|[101] 78 212 tgm Ilkg CuO thes\gvell-known fo.rmulas fcnf_T. in the cubic
Cu,0% 6.5 191 diatomic cry_stal%“' shquld pe shgh_tly modified. The trans-
34 verse effective charge is anisotropic and depends on the po-
La,CuQy, ELC 6.0 2.05 larization of the probing electric fiell:
YBa,Cu;Og, ELc3 5.0 2.11
Bi,SrLaCuQ, ELc* 6.0 2.35
34
(Ca,Sr)Cu@, ElLc 8.5 2.38 e$2(E)= :_:T% . wlg)’i COS"(EF‘li), )
|

E. High-frequency dielectric function
The reflectivity and the dielectric function in the mid- Wherévc is the volume of the unit cell, containing four Cu-O

infrared range well above the maximum phonon energyP@irs,u is the reduced mass of the Cu and O atomys, and
(~0.08 eV) but below the optical gap(1.3 eV) are de- m,—the plasma frequency and the dipole moment ofithe
termined by the electronic polarizability. We observe signifi-IR-active phonon mode. The valueseff along the[010] (b
cant difference between values of mid-infrared reflectivityaxig), the [101] and the[101] directions are largely deter-
for different polarizations. It results in an appreciable anisotyined by the strong phonon modég, B2, andB? corre-
ropy of the hlgh—frequgncy dlelect.rlg: tensor. The temperaturespondingw, because their dipole moments are oriefaéd
dependence of the mid-IR reflectivity is small, therefore, we os parallel to these directions. The anisotropy of the

d|sguss only room-temperaturg data.. All the C‘?mpone”ts ransverse effective charge appears to be relatively small; its
the € can be found from the dispersion analysis of spectraya|ye is about two electronsee Table IV.

their values are listed in the caption to the Table I. _ The Scott charg&e is related to the transverse charge via
The smallest value ot” is observed along the axis: 4 o high-frequency dielectric constanie=e* ()2 It is

rections and values of maximal and minimal levels &5f
within the (ac) plane. The maximal value;,,,=7.8 is ob-
served along the direction, corresponding to the amfglg,
=—-36°, the minimal value,,,,=6.2 is along the orthogonal
direction for ¢,;,=54°. One can see that directiafy,,, iS
very close to direction of the[101] chains (b[103

= —42.5%) while ¢y, almost exactly corresponds #i01  jonicity: for the CuO it appears to be about 40%.
=52.8°.. Ih other words, the hlgh.-frequency dlelegtrlc.con- In the CyO the value of* for the oxygen atom is about
stant within the @c) plane is maximal along thel01] di- 1 9o (Ref. 36 which is slightly smaller than its value in CuO
rection, and minimal along thgl01] direction (see Table (see Table IV. Although the difference is not large, it is
V). _ ) o _ ~ natural to explain it by larger dynamical electronic contribu-
An ellipsometric determination of the high-frequency di- tion to the transverse charge in CuO obtained for layered
electric function of polycrystalline CuO samfﬁeylelded cuprates. An excellent review of effective charges in various
€°=6.45, which is in a good agreement with the averagqayered copper oxides is given in the work of Tajietaal 3*
quantity (et €y, +€,)/3=6.6 obtained here. Homes The copper and oxygen effective charges were estimated
et al!® reported somewhat different values of #fecompo-  from the oscillator strength of the stretching mode in the
nents, e.g.e,,=6.7, which is higher than the value 5.9 ob- CuGQ, plane. The value oé7 was found to vary in a broad
tained here. Such deviation can be explained by the mixecange from 2.08 for La,CuQ, to 3.0G for S,CuO,Br,. A
LO-TO excitation of polarization waves due to reflection clear correlation betweegf and interatomic Cu—O distance
from a different crystal face. was observed: the increasing of this distance is accompanied
The value ofe™ is determined by the static ionic copper by increasing of the effective charge. In Table IV a compari-
and oxygen polarizability. From Table IV one can see thatson is given betweee? in CuO and one in selected layered
the € in CuO is similar to that in C40 (Ref. 33 and lay-  cuprates with a value of the Cu—O distance close to that in
ered undoped cupraté. the CuO (1.95 A). A good correspondence between the
transverse effective charge values points to a possible simi-
larity of the electronic state of copper and oxygen in the
Another characteristic derived from the infrared spectra iscupric oxide and in the CuQOplanes of undoped layered
an effective ionic charge. The cupric oxide contains only twocuprate compounds, especially JGuO, and YBgCu;Os.

rived for cubic binary compounds, it can be applied for esti-
mation of the average value @fe in CuO, provided that one
uses the average transverse charge and the avefagdue.
Substitution ofe} =2.0% and €*=6.6 yields the average
Scott charge equal to ®8The value ofZe divided to the
nominal valence is often considered as the degree of

F. Effective charges
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VIl. CONCLUSIONS The anomalous softening and narrowing of #gmode
410 cm ! we explain by its strong resonance coupling to
the optical or acoustic bimagnons. Reconstruction of mag-
d?etic excitations spectrum at the AFM transition strongly
affects the phonon characteristics.

In summary, the CuO demonstrates a variety of anoma-

We have measured far- and mid-infrared reflectivity spec
tra of monoclinic CuO from th€010) and(001) crystal faces
in wide temperature range. We obtained characteristics
pure TOA, andB, modes separately. Our data finally con-
firm that there are 8,+ 3B, intense modes, in accordance

with prediction of the FG analysis for thégh space group. lous properties, which show complex |_nterplay of spin,
: o 2! : charge, and phonon subsystems already in the simplest cop-
We report existence of several “extra” less intense IR-

X : ; ; .~ per(ll) oxide. A further insight into physics of CuO may

23';'\\//:5 rlzgggiolrt]hggg)r;cﬁg?cl)ynstlﬁa(tm;;tﬁ ‘%hx(ip;,nlS':Et?\;g'grﬁontribute to elaboration of noncontradictory picture of anti-
. . %erromagnetism and superconductivity in the high-cu-

well as reported earliét Raman-active mode could be ¢
folded phonon from eitheX (1, 0, O or A (1/2, 0, 1/3 prates.
symmetry points. Such folding is compatible with the “di-
agonal” doubling of the unit cell with the basi$a
+c¢,b,a—c}. So the space group in reality is lower than that  This investigation was supported by the Netherlands
was considered, but still centro-symmetric. Foundation for Fundamental Research on Matie®M)

The 690 cm?® “extra” IR-active mode exhibits anoma- with financial aid from the Netherlandse Organisatie voor
lous hardening, similar to behavior of the 240 thRaman Wetenschappelijk OnderzoeKNWO). The activity of
mode; the reason could be in additional rigidity of lattice dueA.B.K., E.A.T., and A.A.B. was also supported by the Rus-
to magnetization, a special manifestation of the spin-phonosian Foundation for Basic Resear@RFBR), Grant No. 99-
interaction. Another effect, which can be explained in a simi-02-17752. A lot of thanks we address to H. Bron and F. van
lar way, is a slope change of the phonon frequencies vs tender Horst(University of Groningeh for invaluable help in
perature at the N point. samples characterization.

ACKNOWLEDGMENTS

1J. Zaanen, G.A. Sawatzky, and J.W. Allen, Phys. Rev. I58t.  ®S. Asbrink and L.-J. Norrby, Acta Crystallogr., Sect. B: Struct.

418(1985. Crystallogr. Cryst. Chen6, 8 (1970.
2B.X. Yang, T.R. Thurston, J.M. Tranquada, and G. Shirane, Physl.7S. Asbrink and A. Waskowska, J. Phys.: Condens. M&t&173
Rev. B39, 4343(1989. (1991.
3M. Ain, W. Reichardt, B. Hennion, G. Pepy, and B.M. Wanklyn, 18a A. Bush, V.Ya. Shkuratov, A.B. Kuz’menko, and E.A. Tish-
Physica C162-164 1279(1989. chenko(unpublishedl
4M. O'Keeffe and F.S. Stone, J. Phys. Chem. Sol2 261  '°G.N. Kryukova, V.l. Zaikovskii, V.A. Sadykov, S.F. Tikhov,
(1962. V.V. Popovskii, and N.N. Bulgakov, J. Solid State Cher,
SU. Kobler and T. Chattopadhyay, Z. Phys. B: Condens. Matter 191 (1988; V.A. Sadykov, S.F. Tikhov, G.N. Kryukova, N.N.
82, 383(1991). Bulgakov, V.V. Popovskii, and V.N. Kolomiichulbid. 74, 200
6T, Chattopadhyay, G.J. Mclintyre, C. Vettier, P.J. Brown, and J.B. (1988.
Forsyth, Physica B.80, 420(1992. 20A.B. Kuz'menko, E.A. Tishchenko, and V.G. Orlov, J. Phys.:
Z.V. Popovic, C. Thomsen, M. Cardona, R. Liu, G. Stanisic, R. Condens. Matte8, 6199(1996.
Kremer, and W. Konig, Solid State Commus6, 965 (1988. 2Ia B. Kuz’menko, E.A. Tishchenko, and A.S. Krechetov, Opt.
8J. Hanuza, J. Klamut, R. Horyn, and B. Jezowska-Trzebiatowska, Spectrosc84, 402 (1998.
J. Mol. Struct.193 57 (1989. 22\, Reichardt, F. Gompf, M. Ain, and B.M. Wanklyn, Z. Phys. B:
%L. Degiorgi, E. Kaldis, and P. Wachter, PhysicalB3-155 657 Condens. MatteB1, 19 (1990.
(1988. 233.C. Irwin, T. Wei, and J. Franck, J. Phys.: Condens. Mater
10G, Kliche and Z.V. Popovic, Phys. Rev. £, 10 060(1990. 299(1991).

115, Guha, D. Peebles, and T.J. Wieting, Bull. Mater. $4j.539  24J. des Cloizeaux and J.J. Pearson, Phys. R28.2131(1962.
(1991); S. Guha, D. Peebles, and T.J. Wieting, Phys. Re#3B  ?°T. Yamada, Progr. Phys. Jp#1, 880 (1969.

13 092(1997). 263, GoodenoughMagnetism and Chemical Bondohn Wiley &
125 N. Narang, V.B. Kartha, and N.D. Patel, Physica2@, 8 Sons, New York, 1963

(1992. 27, Damascelli, D. van der Marel, F. Parmigiani, G. Dhalenne, and
13c.c. Homes, M. Ziaei, B.P. Clayman, J.C. Irwin, and J.P. Franck, ~A. Revcolevschi, Phys. Rev. B6, R11 373(1997.

Phys. Rev. B51, 3140(1995. 8M.N. Popova, A.B. Sushkov, A.N. Vasil'ev, M. Isobe, and Yu.
¥M.V. Belousov and V.F. Pavinich, Opt. Spectrosts, 771 Ueda, Pis’'ma Zh. Ksp. Teor. Fiz. 65, 7111997 [JETP Lett.

(1978; V.F. Pavinich and M.V. Belousovbid. 45, 881(1978; 65, 743(1997].

V.F. Pavinich and V.A. Bochtarevbid. 65, 640 (1988; 293, Uchida, S. Tajima, A. Masaki, S. Sugai, K. Kitazawa, and S.
15% K. Chen, J.C. Irwin, and J.P. Franck, Phys. RewBR13 130 Tanaka, J. Phys. Soc. Jpg4, 4395(1985.

(1995. 30Colossal Magnetoresistance, Charge Ordering and Related Prop-

094303-14



INFRARED SPECTROSCOPIC STUDY OF CuO: ... PHYSICAL REVIEW B 63 094303

erties of Manganese Oxidegdited by C.N.R. Rao and B. Phys.26, 317 (1965.

Raveau(World Scientific Publishers, 1998 343, Tajima, T. Ido, S. Ishibashi, T. Itoh, H. Eisaki, Y. Mizuo, T.
31D.V. Sheptyakov, V.Yu. Pomjakushin, and G.J. McIntyre, Arima, H. Takagi, and S. Uchida, Phys. Rev.48, 10 496

Physica C321, 103(1999. (1991.
32T Ito, H. Yamaguchi, T. Masumi, and S. Adachi, J. Phys. Soc.®°F. Gervais, Solid State Commub8, 191 (1976.

Jpn.67, 3304(1998. 36F. Gervais, P. Echegut, J.M. Bassat, and P. Odier, Phys. Rev. B
33C. Noguet, C. Schwab, C. Sennett, M. Sieskind, and C. Viel, J. 37, 9364(1988.

094303-15



