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Softening of a reststrahlen band in CuO near the Neel transition
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The reflectance of sintered powders and single crystals of cupric oxide (CuO) has been measured
from 50 to 3000 cm as a function of temperature, above and below the magnetic-ordering
transitions. For the sintered materials, the efI'ect of Cu and 0 isotope substitutions on the
phonon frequencies was studied. For single crystals, radiation was polarized both parallel (E ~~ c)
and perpendicular (E J c) to the c axis in the [110] growth plane. The single-crystal reflectance
results have been reproduced extremely well using a modified dispersion-analysis model. In the
sintered powders, and for E J c in the single crystals, a strong reststrahlen band is observed to
soften dramatically at T~z 230 K, while below the commensurate antiferromagnetic-ordering
transition at T~2 213 K the band hardens monotonically. However, no new phonon structure is
observed in the antiferromagnetically ordered ground state, indicating that there is no superlattice in
the direct lattice below T~2. There is also a large transfer of oscillator strength below T~2 among the
three high-frequency copper-oxygen vibrations; similar behavior is observed in the c-axis phonons
of the oxygen-reduced high-T cuprate YBa2CusOs+ (z —0.6); it is argued that the underlying
mechanisms for the phonon anomalies in these two systems may be related.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity in cuprate-based materials, there has been a con-
siderable e8'ort to study the lattice vibrations in these
materials to gain an understanding of the nature of the
electron-phonon coupling. While it is generally accepted
that the interactions between the Cu and 0 atoms in
the square (or almost square) configuration found in the
Cu02 planes plays a decisive role in high-temperature su-
perconductivity, there is still no common understanding
of the pairing mechanism. In cupric oxide (CuO), where
the atoms are planar coordinated in slightly distorted
squares, the copper-oxygen coordination and separation
are similar to that of many cuprate-based superconduc-
tors, suggesting that CuO may comprise a simple system
in which to study the copper-oxygen interactions that
may be important in high-temperature superconductiv-
ity. This suggestion has resulted in a number of recent
investigations of the thermal, electronic, magnetic,
and optical properties of CuO. Neutron-scattering
experiments have found that the Cu + spins order in-
commensurately below T~q ——230 K, and then order
commensurately into an antiferroinagnetic (AF) ground
state along the [101] directions of the crystal below
7~2 ——213 K, leading to a doubling of the magnetic unit
cell along the a and c directions; the magnetization is in
the [010] direction.

Although the magnetic and transport properties of
CuO powders and single crystals are well known, the op-
tical properties have only been studied recently. Raman-
scattering experiments have been performed on sin-

tered powders and single crystals. Infrared studies on
sintered powders have examined the reflectance at room
temperature, as well as the temperature dependence of
the reflectance and transmission. The polarized re-
flectance of a single crystal has been performed only at
room temperature. Kliche and Popovic have observed
a broad mode at 410 cm in the reflectance of sin-
tered powders, whose intensity was observed to change
dramatically below T~2. Raman studies on sintered pow-
ders as well as single crystals have also revealed the pres-
ence of a new feature at 240 cm in the AF-ordered
ground state; both the in&ared and Raman results have
been discussed in terms of having magnetic origins. How-
ever, transmission studies and the polarized reflectance
of single crystals show no sign of a band in the —410
cm region at room temperature. Furthermore, a direct
comparison of two room-temperature studies of the re-
flectance of cupric oxide 2 indicates that there is some
disagreement over the structure associated with the high-
&equency phonons.

We have measured the polarized reflectance of a sin-
gle crystal of CuO with the electric field polarized par-
allel and perpendicular to the crystallographic c axis
in the [110] growth plane, f'rom 50 cm to 3000
cm as a function of temperature above and below the
magnetic-ordering transition(s); we have also performed
similar (unpolarized) measurements on sintered powders.
The polarized reflectance of the monoclinic single crystal
has been interpreted using a modified dispersion-analysis
model for the dielectric function and the agreement
with the experimental data is excellent. A broad rest-
strahlen band. centered at 450 cm is found to be
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To correct for the sample size and any irregularities in
the surface, and to eliminate the efFects of the reference
mirror, the sample was overcoated with gold in situ, and
the measurements were repeated on the gold-coated sam-
ple (Rs, ). The effects of the reference mirror may be
removed by dividing these two ratios,

cd . cos
**(-)= **(-)+). , "',—(d —

iCd P
'

cu„; sin
ezz(cd) = ezz(oo) + ) (d ~ —Cd

(2)

which yields the reflectance of the sample with respect to
gold. The reflectance for gold is well known, and the
reflectance may subsequently be corrected by multiplying
the ratio by the reflectance of gold to yield the absolute
reflectance of the sample. The accuracy of the absolute
reflectance is estimated to be +1%.

u„; cos P; sin P,e, ((u) = e, (oo) + ) (d . —(d

(4)

III. DISPERSION ANALYSIS

For crystals with orthorhombic or higher symmetry,
the dielectric tensor can be reduced to a diagonal form,
and its principal axes coincide with the crystal axes. In
the case of a monoclinic crystal, only one principal axis of
the dielectric tensor coincides with a crystal axis (6 axis).
The other two principal axes lie in the ac plane, and their
directions can change with frequency. As a result, the
dielectric tensor cannot be diagonalized simultaneously
for all frequencies. This precludes a complete analysis of
the reflectance using the Kramers-Kronig method. Sim-
ilarly, simple models based on I orentzian or factorized
forms of the dielectric function fail to consider the non-
diagonal form of the dielectric tensor.

A dispersion-analysis model for the light reflected from
the ac plane of a monoclinic crystal has been reported
by Belousov and Pavinich, ' and extended to other
crystals. Using the dispersion-analysis model, the di-
electric tensor in the ac plane can be written as

where the w;~j~, p, ~j~, and wp'(j) are the TO frequencies,
widths, and effective plasma frequencies of the B„(A„)
modes, and e (oo), etc. , are the high-frequency dielec-
tric constants for the various tensor components. The
A„vibrations are active only for polarizations along the
6 axis, and thus only contribute to Eyy The B„oscil-
lations are active in the ac plane, but the eigenvectors
of these modes do not point along a principal crystalline
axis. Consequently, the B„vibrations are characterized
by an additional parameter P;, which is the angle be-
tween the atomic displacement vectors and the x axis
(see Fig. 2).

The reflectance at normal incidence from the ac plane
is expressed as

where

n2 —C~~ rl —nl —exx r2rxx n —n2 1

(110)plane

plane

FIG. 2. (a) The as-grown single-crystal ge-
ometry. The crystallographic a, b, and c axes
are shown. The b and c axes lie in the plane
of the paper, while a points into the paper.
(b) The geometry used for the infrared ex-
periments. The a, b, and c axes are as shown
in (a), while the x, y, and z axes form an or-
thogonal system, where y and z lie along the
b and c directions, while x lies in the ac plane.
The ac plane is rotated by 36.5' about the c
axis into the [110] plane; the resulting x', y',
and z' refer to an orthogonal system in the
[110]plane. For the polarized reflectance ex-
periments, the radiation was polarized both
parallel and perpendicular to the c axis in the
[110]plane.

ac plane
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FIG.G. 4. The reflectance at room temperature of (a) the
sintered powder of Cu 0 and (b) the pressed powder of

Cu 0 (solid lines). The dotted lines in each of the pan-
els represents the fit to the factorized form of the dielectric
function (see Table 1).

identify the TO modes and the peaks in the loss func-
tion the I O modes, but in this case they refer to vibra-
tions with a mixed TO-LO character. From group theory,
there are a total of six allowed in&ared-active modes, and
six modes are indeed observed in the optical conductivity.
The lower three phonons are quite sharp [as shown in the
insets in Figs. 5(a) and 5(b)], and harden with decreasing
temperature, displaying no unusual behavior near either
T~q or T~2. As is evident in the reQectance, the conduc-
tivity is dominated by a feature associated with a strong
reststrahlen band at 450 cm at 295 K this mode)

softens near T~q, and appears to become broader, while
below T~2 the mode narrows. The other two modes to esa

Igh frequency both appear to soften somewhat. How-
ever, the large oscillator strength and width of the TO
mode associated with the reststrahlen band make an ab-
solute determination of the &equencies dificult. The loss
function also shows three phonons in the same frequency
region; in particular the mode at —540 cm softens
dramatically below T~q, and it is clear that this feature
is associated with the TO mode at = 450 cm in 0 ~ t~e1)
other two modes appear to harden slightly, but otherwise
change very little.

B. Single crystal

The re8ectance of a single crystal of CuO has been
measured Rom the as-grown [110]plane as a function of

400 5QO 600 700
FREQUENCY (crn-')

FIG. 5. The (a) optical conductivity and (b) loss function
for the sintered sample of CuO at 295, 210, 170, and 80 K.

he optical properties were obtained from a Kramers-Kronig
analysis of the re6ectance curves in Fig. 3. The peaks in o q (u)
and in the loss function indicate the positions of the TO and
LO modes, respectively. Note that the TO and LO modes as-
sociated with the strong reststrahlen band in oq(ur) at 450
cm ) and in the loss function at 540 cm soften consi)

erably below T~&. Insets: the three low-frequency phonons,
shown at 295 (solid line) and 80 K (dotted line).

temperature, for radiation polarized parallel and perpen-
dicular to the c axis.

1. Xiic

The reflectance of a single crystal of CuO for E II
c

(see Fig. 2) at 295, 210, 170, and 80 K is shown in Fig. 6;
other measurements were made at 250, 225, 200, 140,
and 110 K. &. An indication that the c axis is perpendicu-
lar to a principal optical axis is the fact that, unlike the
sintered powders, where both the A„and B„modes are
observed, only the three B„modes are seen to be strongly
active for E

II
c. However, as noted above, because of the

low symmetry of the system, these modes are no longer
pure TO modes. The optical conductivity and loss func-
tion (calculated from the re8ectance curves in Fig. 6) are
shown in Figs. 7(a) and 7(b), respectively. The strong
features at 520 cm in o q (u) and —620 cm in
the loss function harden slightly with decreasing temper-
ature, and show no anomalous behavior at T~q or T~2.
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a on y the three B„modes are expected to be active for
this polarization.

2. EJ c

Thehe sharp low-frequency mod 1 f '1 ae a so ai s to aisplay any
anomalous behavior at low temperature. The remaining
feature, which was so promine t th fl, ninen in e reflectance, is seen
only as a weak shoulder in o (ur) at = 560 i dcm and at

00 cm in the loss function.
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FIG. 7. TheThe (a) optical conductivity and (b loss f
for a sin le cr

an oss unction
g e crystal of CuO for E II c, from 400 to 700 cm

at 295 210 170
anal sis o t

, and 80 K, calculated from a K -Ka ramers- ronig
ana ysis o the reQectance curves in Fig. 5. Inset: the struc-
ure in t e ow-frequency region at 295 sol d la ~so i ine) and 80 K

The reflectance of a single crystal of CuO for E J c

other measureasurements were made at at 250, 225, 200 140
o e „and B„modes are expected

to be active for this polarization, and at least five are
c early visible in the reflectance. Unlike the E c re-
flectance the, there is a strong temperature dependence in
the feature at 450 cmcm . The optical conductivity and
loss function (calculated &om the fl t
Fi. 8

m e re ectance curves in
ig. 8) are shown in Figs. 9(a) and 9(b) res ect

ng, s arp feature seen in oi(m) at 450 cm
is strongly temperature dependent and softn so ens consid-

y e ow ~i, below T~2 it is observed to harden

havior is seen for the feature at = 540e a = cm in the loss
unction; these eatures are associated with a t
an in u, and its behavior in the single cr stal is con-

sistent with thhat seen in the sintered powder. The three~ ~

e crys a is con-

low-frequency phonons [shown in the insets in Figs. 9(a)

V. DISCUSSION

The olari e s o a singep ze re ectance measurement f

ere powder contains randomly oriented cr t 1-e crys a-
ey isp ay a complicated reflectance spectra; this

model.
does not allow the application of th do e ispersion-analysis
mo el. ile the Lorentzian form of the d 1o e ie ectric func-
ion ai s to describe the reflectance of the sintered pow-

the room-te
ders, the actorized form describes th b lk f

e room-temperature reflectance quite well (as shown
in the panels in Figs. 3 and 4) d h b, an as een successfully

owever, ecause theapp ied to other oxide systems H

into consideration the nondiagonal form of the d.ielectric
tensor, this analysis is not definitive (as the failure to
reproduce the fineuce e ne structure at low temperature shows).
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While the mixed TO-LO nature of the vibrations reduces
the applicability of this approach, it is still true that the
splitting of the features seen in a~ and the loss function is
a general indication of the strength of the vibration. The
large splitting between the 456 cm TO mode and the
550 cm LO mode gives rise to the strong reststrahlen
band seen in the reflectance.

A detailed lattice-dynamical calculation of the eigen-
values and eigenvectors of the (g = 0) normal modes
of CuO has been previously performed. The calculated
eigenvectors indicate that the A, A„, and B„modes
are all mainly Cu vibrations corresponding to "bond-
bending" modes. The A„, B, and B„modes are pre-
dominantly Cu-0 vibrations; in particular the B„and
B„modes are strongly coupled Cu-0 stretches along the
[101] and [101] directions, respectively.

Information about the nature of the phonons may also
be obtained &om the isotopic shifts caused by Cu and

0 substitution. The predicted isotope shifts have been
calculated using a simple harmonic model, and are listed
in Table II. The experimental shifts for the A, A„, and
B modes indicate they are mainly Cu vibrations, in
agreement with the first-principles calculation, while
shifts for the B and B„modes indicate they are Cu-0
stretches. The behavior of the A mode is more difBcult
to characterize, due to the large linewidths () 60 cm )
associated with this feature. However, even taking this
into account, the observed shift is very small, and in the
case of the 0 substitution, well below the calculated
shift.

The present work on sintered samples departs from the
work of Kliche and Popovic in two significant respects:
(i) A strong reststrahlen band is clearly visible and shows
a significant softening at T~i, and (ii) no new structure
is observed below T~q or T~2. The absence of additional
structure in the AF-ordered ground state indicates that
despite the doubling of the magnetic unit cell in the a and
c directions below T~2, we have not observed any zone-
boundary phonons activated by zone folding due to the
formation of a superlattice, as was previously proposed.
Interestingly, a new feature is observed below T~2 in the
Raman spectrum at 240 cm . However, it is unclear
if this feature is due to zone folding or is magnetic in
origin.

A more detailed understanding of the behavior of
the phonons in CuO may be gained &om the polarized
reflectance of single crystals. The dispersion-analysis
model (Sec. III) was developed specifically for monoclinic

Vibration
CH-Cu
Cu-0
O-O

65C
—1.55
—0.31

18O

—4.5
—5.7

TABLE II. The calculated isotope shifts (%%uo) for sin-
tered cupric oxide for Cu and 0 substitutions. A sim-
ple harmonic model is used, w/ufo —— (mo/m') '~, where
m' = m mt, /(m + mq) is the reduced mass. The calcula-
tion for the mixed Cu-0 vibrations assumes equal weights.
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FIG. 10. The fit using the modified dispersion-analysis

model (dotted line) to the reflectance from the [110] growth
face (solid line). (a) E

~~
c at 295 K. Inset: fit to the data at

80 K. (b) E J c at 295 K. Inset: fit to the data at 80 K. The
parameters returned by the fits for the two temperatures are
listed in Table III.

crystals, and has been extended to describe the re-
fiectance from the [110] growth plane. The refiectance
for E

~~
c and E J c on the [110] growth face has been

fitted with the modified dispersion-analysis model using
a least-squares technique; the two polarizations are fit
simultaneously, allowing the A„and B„phonons to be
refined at the same time. The results of the fit to the re-
flectance are shown in Fig. 10 at room temperature and
80 K, and show an excellent agreement with the data (the
parameters returned by these fits are listed in Table III).
In general, the TO frequencies determined in the crystal
are no difFerent than those in the sintered powders, with
the exception of the B„and B„modes, which are both
significantly lower in the single crystal. This result sug-
gests that in the sintered powders, the B and B„modes
show a more pronounced LO character.

The temperature dependence of ~To;, p, , and uz, are
shown in Fig. 11 for the three high-&equency TO modes;
the three low-&equency phonons display little or no tem-
perature dependence. The softening of the TO mode
identified in the sintered samples may now be examined
more quantitatively —the softening below T~q is ac-
companied by an anomalous broadening and increase in
the oscillator strength; below T~2, the mode band hard-
ens slightly while narrowing and decreasing in strength.
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TABLE III. The parameters used to fit the dispersion analysis model to the reflectance data for E [[ c and E J c in the
(110) plane. In the model fits, e, = e„„, = 6.7, and e, = 7.4. The oscillator angles (4I,) are measured normal to the
c axis in the ac plane. The oscillators of the A„modes are oriented along the b axis. All units are in cm, except for the
oscillator angles, which are expressed in degrees.

Symmetry
A„'

A„
A„
B1
B
B„

166.5
323.7
450

147.6
516
566

~r.o,i
(169)
(32s)
(s28)
(151)
(620)
(585)

295 K
'yi

2.6
3.3
40
1.8
19
16

151
107

1442
141
857
443

37
266
139

168.9
326.1
433

148.8
522
565

~r,o,i
(171)
(327)
(505)
(152)
(625)
(sgs)

80 K
yi

1.9
2.0
11
1.5
8.1
11

&pi
157
122
1390
151
831
554

37
261
140

The values for ui, o,; have been estimated (to the nearest wave number) from the peaks in the loss function as determined by
a Kramers-Kronig analysis, and as such may not be the true LO frequencies.

In contrast, the other two high-&equency phonons show
only small &equency anomalies near T~2. There is some
broadening of the 566 cm B„mode near T~2, but the
516 cm B„mode narrows with decreasing tempera-
ture, showing no broadening near T~2. However, there
are large changes in the oscillator strengths; particularly

of the 566 cm mode, which increases dramatically at
T~2. The fitted values for the TO &equencies are in
good agreement with the &equencies obtained &om fits
to the neutron data. Along with the vibrational param-
eters of the B„modes, the direction angles P, were also
fit at the same time; for the B„and B„modes, the angles
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FIG. 11. The temperature
dependence of the dispersion-
analysis model parameters for
the three high-frequency
modes, Gt simultaneously to
the E

[~
c and E J c ([110j

growth face) reflectance, where

uTo. i. pi, and (upi are the fre-
quency, width, and oscillator
strength of the mode. Note the
anomalous behavior of many of
the parameters near T~2. The
inset for the B„mode shows the
temperature dependence of the
direction angle P, .
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remained constant. However, the angle for the B„under-
goes a significant change below T~i (shown in the inset
for uT~, , for B„ in Fig. 11). The change in P, implies
that the atomic displacement vectors of the B„mode are
changing through the Neel transitions; other than a small
change in the oscillator strength, the B„mode displays
little else in the way of anomalous behavior. It is also in-
teresting to note that while the oscillator strengths of the
three high-&equency phonons are all changing, the corn-
bined oscillator strength (+~2;) remains approximately
constant, indicating a transfer of oscillator strength in
the AF-ordered ground state.

The softening of the reststrahlen band near TN~, as
well as other phonon anomalies that are observed upon
entering the AF-ordered ground state, suggests that the
magnetic phase transition is probably accompanied by
a weak structural distortion of the Cu-0 chains. This
would not be an unusual condition, since the superex-
change between the Cu ions along the chain is quite
large, with an effective exchange constant of J 80
meV (coinparable to the interaction energies found in
the high-T, cuprates ). The recent structural determi-
nation of the low-temperature phase at 195 K, where
the Cu-0 bonds in the fourfold. -coordinated copper atom
are observed to change slightly below the Neel transi-
tions, tends to support this point of view. At room tem-
perature, the Cu-0 bonds along the [101] direction are
of unequal length, differing by 0.16 A, while in the
low-temperature phase (195 K) the bond lengths along
the [101] chains become more equal, with the difFerence
decreasing to = 0.11 A. . This weak distortion appears to
be related to the phonon anomalies observed in this ma-
terial. It has also been suggested that because of the
superexchange between the Cu ions, the decrease in the
asymmetry of the bond lengths along the [101] direction
may lead to increased antiferromagnetic coupling. It
would be interesting to study the distortion of the Cu-
0 bonds around the fourfold planar-coordinated copper
atom in more detail near the Neel transition, in order to
determine if the temperature dependence of the phonon
parameters is reflected in the nature of the structural
distortion.

An interesting similarity exists between this work
and a study of the c-axis phonons in oxygen-reduced

YBa2CusOs+ (x = 0.6), where a significant transfer
of oscillator strength is also observed among the high-
frequency Cu-0 phonons (at T & T,). In the cuprate
systems, this behavior is also thought to be due to a weak
structural distortion. It is possible that this transition
may in part be driven by antiferromagnetic correlations,
which are known to play an important role in the normal-
state dynamics of these systems. However, it is not
clear if these correlations are related to the mechanism
for superconductivity in the high-T cuprates.

VI. CONCLUSIONS

The refl.ectance of sintered samples of cupric oxide has
been analyzed using the factorized form of the dielectric
function. The polarized reflectance (E

~~
c, E J c) mea-

sured from the [110] growth face of a single crystal of
Cu0 has also been analyzed using a modified form of the
dispersion-analysis model. In both the sintered powders
and the single crystal, the strong reststrahlen band soft-
ens below T~q, and is accompanied by a transfer of oscil-
lator strength among the high-frequency Cu-0 stretching
modes. This behavior is presumably due to a weak struc-
tural distortion of the Cu-0 chains that accompanies the
antiferromagnetically ordered ground state. There are
no new vibrational features in the antiferromagnetically
ordered ground state, and there is no evidence for the
formation of a superlattice in the direct lattice. The sim-
ilarity between the phonon anomalies in Cu0, and the
c-axis phonons in oxygen-reduced YBa2Cu306+, sug-
gests that antiferromagnetic correlations play a role in
the weak structural distortion suspected in each of these
systems.
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