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Electronic structure and lattice vibrations of Ca,CuQO,Cl,: A hybrid density functional study
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The electronic structure and phonon modes of Ca,CuO,Cl, have been calculated using hybrid density
functional theory (HDFT) methods. The material is correctly predicted to be an antiferromagnetic insulator
with a band gap of around 2 eV. Lattice parameters and atomic positions are in good agreement with experi-
ment with a maximum error in lattice constant less than 2%. Phonon modes were calculated using HDFT
Hamiltonians containing Hartree-Fock (HF) exchange with weights of 0.2, 0.3, or 0.4. Phonon mode frequen-
cies typically shift upward by 4% on increasing the HF exchange weight by 0.1. Computed Cu-O stretching
modes of E, symmetry at 615 and 334 cm™! are in good agreement with recently reported IR absorption

frequencies at 620 and 350 cm™!.
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I. INTRODUCTION

The oxychloride cuprate, Ca,CuO,Cl,, is the parent com-
pound for the series Ca,_ Na,CuO,Cl,, which is supercon-
ducting with optimal doping at x=0.15 and a T, of 26 K.!
Recently, it has been studied extensively using
photoemission®? and scanning tunneling microscopy
(STM)."# It has been selected for study because of the sim-
plicity of its structure (it adopts the K,NiF, structure, as does
La,CuQ,), it cleaves easily to give an atomically smooth,
insulating CaCl surface layer, and it does not undergo a low
temperature symmetry breaking distortion when doped with
Na. All of these features make it ideally suited for photo-
emission and STM studies. When lightly hole doped with
Na, Ca,CuO,Cl, exhibits stripes which are parallel to the
Cu-O bond directions.!

Hybrid density functionals, which contain Hartree-Fock
(HF) exchange with a weighting factor, have been tested in a
range of insulating metal oxides.>”"> In contrast to the local
spin density approximation (LSDA) applied to cuprates,'®
hybrid functionals correctly predict parent compounds of
doped cuprates to be antiferromagnetic insulators.’-!! The
B3LYP hybrid functional'”!¥ predicts the band gap of a
range of oxides quite accurately.>!”> The weight of HF ex-
change in the B3LYP functional is 20%. In contrast, predic-
tions for magnetic coupling constants in a range of
oxides”® 1113 show that the best agreement with experiment
is obtained for a HF exchange weight of around 35%. Mag-
nitudes of exchange constants predicted for cuprates using
hybrid density functionals depend strongly on the weight of
HF exchange used; in a range of insulating cuprates, pre-
dicted magnitudes of exchange coupling constants increased
by a factor of around 20 on reducing the weight of HF ex-
change from 100% (unrestricted HF theory) to 0%
(LSDA).M

The exchange-correlation energy in Becke’s three param-
eter B3LYP hybrid functional'”!® can be expressed as

LDA Beck HF VWN
Esz(l _A)(Ex +BExec e)+AEX +(1_C)Ec
LYP
+CE.", (1)
where EXP* and E®**¢ are local density approximation'® and

Becke!” exchange terms, EXHF is HF exchange, and EXWN are
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PACS number(s): 71.20.—b, 74.25.Jb, 74.25.Kc, 74.72.—h

the Vosko-Wilks-Nusair?® and Lee-Yang-Parr?! correlation
functionals, respectively. The B3LYP hybrid functional has
parameters A=0.2, B=0.9, and C=0.81, i.e., it contains HF
exchange with a weight of 0.2. The CRYSTAL program?? al-
lows the A, B, and C parameters in hybrid density functional
theory (HDFT) calculations to be varied. In this work, A was
chosen to be 0.2, 0.3, or 0.4, i.e., the HF exchange in the
Hamiltonian had 20%, 30%, or 40% of its weight in a self-
consistent UHF calculation, while the B and C parameters
were fixed at their standard values. Keeping B fixed while
varying A means that the amount of Becke’s exchange EZ**
changes too.

In the next section, we report the calculations of the crys-
tal structure, electronic band structure, magnetic coupling
constants, and phonons of Ca,CuO,Cl, using hybrid density
functional methods. In particular, we investigate how the
crystal structure and vibrational frequencies depend on the
weight of HF exchange used in the functional. The B3LYP
functional'”-!® and similar functionals, where the weight of
HF exchange ranged from 20% to 40%, were used. The crys-
tal structure was calculated using a conjugate gradient
method in the CRYSTAL code?? and frozen phonon calcula-
tions were performed at the equilibrium structures. Phonon
frequencies for Ca,CuO,Cl, obtained using hybrid function-
als are compared to frequencies from experiment and other
calculations in the following section. Conclusions are given
in the final section and details of calculations are given in the
Appendix.

II. RESULTS

The space group for the oxyhalide cuprates is 14/mmm,
No. 139, point group Diz. The primitive unit cell contains
one CuO, unit and any electronic structure calculation per-
formed within this space group will necessarily result in a
paramagnetic metal or ferromagnetic solution since the elec-
tron in the Cu3d,2_,» orbital will form a half-filled pair of
bands or a filled band of one spin orientation. A density
functional calculation on Ca,CuO,Cl, and Ca,CuO,Br, (Ref.
23) resulted in a paramagnetic solution. If the calculation is
performed in the conventional unit cell for the I4/mmm
space group, P4/mmm, No. 123, point group Dih, then an
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FIG. 1. Band structure for Ca,CuO,Cl,. The inset shows the
path in k space used for the band structure plot. The large square is
the Brillouin zone for the 1 X 1 cell and the diamond is the Brillouin
zone for the \2 X \2 supercell. The solid dots show the dispersion
of the hole band in the 7-J model redrawn from Ref. 24 using J/t
=0.4 and r=0.5 eV.

A-type antiferromagnetic solution can be obtained where
CuO, planes are ferromagnetic but are stacked antiferromag-
netically. This is referred to as an F unit cell in what follows
because of the ferromagnetic coupling within CuO, planes.
In order to obtain a solution that is antiferromagnetic within
CuO, planes and insulating, a unit cell of at least V2X 42
times the 1X1, tetragonal P4/mmm unit cell must be
adopted. The electronic band structure was calculated in this
cell and phonon modes were calculated in the 1X1,
P4/mmm conventional cell, as well as in a 2 X2 supercell.
The latter frozen phonon calculations allow modes at the
(7, ) and (77,0) points of the 1X 1 cell Brillouin zone to be
calculated, as well as I" point phonons. This is referred to as
an A unit cell in what follows.

A. Electronic structure

_The band structure for Ca,CuO,Cl,, calculated using a
V2X 42 supercell, with the Cu magnetic moments arranged
in an antiferromagnetic Néel state, is shown in Fig. 1. Dis-
persion of the hole band predicted by the ¢-J model for a
CuO, layer with J=0.4¢, redrawn from Ref. 24, is also
shown in Fig. 1. A value of r=0.5 eV has been adopted,
resulting in a ¢-J bandwidth of 0.55 eV. Overall, the shapes
of the hole band dispersion predicted by the #-J model and by
the HDFT calculation are in agreement. However, the band-
width of 0.8 eV for the occupied d,2_,» band is greater than
that measured by photoemission, 0.4 eV, and predictions
by the #-J model Hamiltonian at low hole concentration,
0.5 eV.> Energy eigenvalues in Fig. 1 have not been shifted
to align the top of the valence band with any energy. The
minimum single-particle band gap for A=0.2(0.3), 2.6 eV
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FIG. 2. The total density of states and atom or Cud orbital-
projected densities of states for Ca,CuO,Cl,. Cu d orbital densities
of states are scaled five times relative to others.

(4.2 V), is the indirect gap at (7/2,7/2)/(7,0) and the
minimum direct band gap for the same Hamiltonian param-
eters is 3.2 eV (4.9 eV) at (,0). The atom-projected density
of states (Fig. 2) shows that the highest occupied band is
predominantly of O 2p and Cu 3d,2_,» character. Inspection
of wave function coefficients shows that the band around
—4 eV has mixed d,2_j» and O 2p character, except around
the I" point where it has O 2p character. Close inspection of
the band structure shows an avoided crossing of states close
to the I" point for this band and O 2p bands just below. The
vacant band around -1 eV is predominantly of Cu3d,2_,2
character.

Energy differences between the ferromagnetic and antifer-
romagnetic states were evaluated at the equilibrium crystal
structures of the antiferromagnetic states (see next section)
with A=0.2 and A=0.3. In either case, an insulating state
was  predicted. The antiferromagnetic state  was
160(143) meV lower in energy than the ferromagnetic state
per f.u., when A=0.2(0.3). These energy differences can be
used to obtain an Ising Hamiltonian exchange constant, and
in the case of a spin-half antiferromagnet on a square lattice,
the exchange constant J is simply the energy difference of
the antiferromagnetic and ferromagnetic states.!' Ising mag-
netic coupling constants for Ca,CuO,Cl, obtained in this
way are given in Table I and are taken from this work and
earlier work by Munoz et al.'' The magnetic coupling de-
pends strongly on the weight of HF exchange used and the
value obtained using LSDA is over 20 times greater than the
UHF value and over five times larger than the typical experi-
mental value for J in cuprates. Direct comparison of results
for magnetic coupling constants between this work and the
earlier work can only be made for the B3LYP calculations.

TABLE I. Dependence of magnetic coupling constant in Ca,CuO,Cl, on HF exchange weight in meV.

UHF*? 35%° 30%4

B3LYP!? B3LYP" LSDAP

32.5 127.7 143

160 190.6 702.3

3Experimental values of J for cuprates are typically 130 meV (Ref. 26).

PReference 11.

“Weights used are 35% HF exchange 65% LDA exchange 100% LDA correlation (Ref. 11).

4This work.
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TABLE II. Ca,CuO,Cl, bond lengths in A. The weight of HF
exchange in the Hamiltonian [i.e., the value of A in percent in Eq.
(1)] and 1 X 1 ferromagnetic (F) or 2 X 2 antiferromagnetic (A) unit
cells used are indicated at tops of columns.

Bond Expt. 20 A 30 A 40 F
Cu-O 1.9344 1.9714 1.9675 1.9686
Cu-Cl 2.7539 2.7905 2.7770 2.7595
Ca-O 2.4902 2.5242 2.5163 2.5110
Ca-Cl 3.0409 3.0355 3.0319
Lattice const. Expt. 20 A 30 A 40 F
a 3.8688 3.9429 3.9351 3.9372
15.0501 15.1245  15.05961 14.9646
Internal coord. Expt. 20 A 30 A 40 F
Caz 0.3958 0.3958 0.3958 0.3958
Clz 0.1830 0.1845 0.1845 0.1844

Munoz et al. obtain a value of 190.6 meV which is some-
what larger than the value of 160 meV that we obtain. Both
calculations used the CRYSTAL program?®? although the basis
set used in this work had three sets of d functions per copper
ion, whereas the earlier work had two sets.!!

B. Crystal structure

The crystal structure of Ca,CuO,Cl, was calculated by
energy minimization using the B3LYP functional, simulta-
neously varying atomic internal coordinates, and lattice pa-
rameters. Equilibrium lattice constants, internal coordinates,
and bond lengths obtained using the standard B3LYP func-
tional, as well as variations on this functional where larger
weights of the HF exchange term than that in the B3LYP
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functional, are compared to experiment®’ in Table II.

When the standard B3LYP functional with 20% HF ex-
change is used, the a lattice constant is overestimated by 2%;
increasing the weight of HF exchange in the functional to
40% results in a small reduction in this lattice constant. The
¢ lattice constant is slightly overestimated by the standard
B3LYP functional (<1%) and the error in the ¢ lattice con-
stant remains below 1% when the weight of HF exchange is
increased to 40%. All internal coordinates of ions except the
Ca and Cl z coordinates are determined by symmetry. Values
of these internal coordinates are in excellent agreement with
experiment. The Cu-O bond length is overestimated by <2%
and the Cu-Cl bond length is overestimated by up to 1.5%.

C. Phonon frequencies and eigenvectors

Phonon frequencies were calculated using a frozen pho-
non method in the CRYSTAL code?® using the same hybrid
density functionals, lattice parameters, and supercells used
for crystal structure calculations. The macroscopic electric
field is omitted from these calculations and so computed fre-
quencies may best be compared with transverse optic modes.
Modes with a q wave vector at the I" point of the I4/mmm
Brillouin zone, calculated using 1 X1 and 2 X2 supercells,
with various weights of HF exchange in the Hamiltonian are
given in Table III. As noted above, calculations performed in
a 1 X1 cell, denoted F, have an A-type antiferromagnetism,
while the 2 X2 cell, denoted A, is antiferromagnetic within
CuO, planes. There are seven ions in the primitive /4/mmm
unit cell and 18 phonon modes at the I' point. E, and A,,
modes are infrared (IR) active and A, and E, modes are
Raman active.

There is generally very good agreement between Cu-Cl
mode frequencies calculated using either the 1X 1 (F) or 2
X2 (A) supercells with the same weight of HF exchange.
Increasing the weight of the HF exchange in the hybrid func-

TABLE III. T point phonon frequencies for Ca,CuO,Cl, in cm™'. The weight of HF exchange in the
Hamiltonian [i.e., the value of A in percent in Eq. (1)] and 1 X 1 ferromagnetic (F) or 2 X 2 antiferromagnetic

(A) unit cells used are indicated at tops of columns.

Symm. Character 20 A 30 A 30F 40 F
Ajg Cu-Cl str. 320 326 326 331
Cu-Cl str. 180 184 184 188

Ay, Cu-O in phase buckling 392 407 398 414
Cu-O in phase buckling 171 179 174 184

Cu-Cl str.+Ca motion 153 157 157 162

B, Cu-O out of phase buckling 227 235 211 225
E, Cu-O str. 599 615 597 619
Cu-O in plane bend 318 334 302 326

CuO,4Cl,+Ca motion 202 210 210 216

Cu-Cl bend 111 115 115 118

E, Cu-Cl bend 182 187 188 191
Cu-Cl bend+Ca motion 128 133 135 139
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FIG. 3. Phonon eigenvectors for E, modes at the I" point. (a)
Cu-O stretching, (b) Cu-O in plane bending, (¢) CuO,Cl,+Ca mo-
tion, and (d) Cu-Cl bending.

tional shifts phonon mode frequencies upward typically by
4% for a 10% increase in HF exchange. However, there are
significant differences between Cu-O mode frequencies us-
ing either supercell. This likely reflects the fact that Cu ions
in CuO, planes are ferromagneticially coupled in the 1 X1
cell, while they are antiferromagnetically coupled in the 2
X 2 supercell. The biggest difference between frequencies
calculated using either 1 X 1 or 2 X 2 unit cells occurs for the
B, out of phase CuO, plane buckling mode and the E, in
plane Cu-O bending mode, where the 2 X2 cell frequencies
are roughly 10% higher than the 1 X1 cell frequencies, indi-
cating stronger Cu-O bonding in the A cell.

A recent IR study of Ca,CuO,Cl, (Ref. 29) found strong
absorptions around 620 and 350 cm~!. These likely corre-
spond to the E, modes we find at 615 and 334 cm™ using the
2 X2 cell with 30% HF exchange. Phonon eigenvectors for
the £, modes are shown schematically in Fig. 3. The 2 X2 A
unit cell contains phonon modes from the (0,0), (,0),
(0,7), and (7, ) points of the 1X 1 Brillouin zone. Fre-
quencies of Cu-O stretching and bending modes at these high
symmetry points are given in Table IV. The E, stretching
mode at the I point at 615 cm™! disperses downward slightly
to 605 cm™! at (7r,0). The other mode at (r,0) and 640 cm™
is a “half-breathing” mode where Cu-O stretching occurs
along one Cu-O bond direction only. Modes where the vibra-
tional motion is parallel to the wave vector have been labeled
L for longitudinal in Table IV. The full breathing mode,
where Cu-O stretching motions are in phase about each cop-
per ion, is the highest frequency mode and occurs at
694 cm™!'. The E, Cu-O in-plane bending mode at the T
point disperses downward to 315 cm™' at (7,0) where it
consists of a twisting motion of Cu-O bonds. The (7, ) in
plane Cu-O bending motion at 478 cm™! is a scissors motion
of the CuO, unit in CuO, planes. The A,, in phase buckling
mode, in which oxygen ions move out of CuO, planes in
phase, occurs at 407 cm™' at the I' point of the three-
dimensional Brillouin zone. It disperses upward strongly to
495 cm™! at (0,0, 7) where oxygen ions move in phase in
the same CuO, plane, but motions of oxygen ions in neigh-
boring planes are out of phase.

Finally, we comment on a mode which occurs at the
(7, 7) point of the Brillouin zone when the 2 X 2 supercell is
used. Its eigenvector is shown schematically in Fig. 4 and it
corresponds to rotations of O ions about Cu ions which
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TABLE IV. Cu-O stretching and bending phonon frequencies
above 250 cm™! in Ca,CuO,Cl,, calculated using a Hamiltonian
with 30% HF exchange in an antiferromagnetic 2 X2 unit cell.
Modes marked L are longitudinal.

Frequency
k point (em™)
Stretching
0,0 615
,0 605
640 (L)
T, 694
472
In-plane bending
0,0 334
,0 423 (L)
315
T, 478
Out-of-plane bending
0,0 495
407
,0 328
303
v, T 271

change sense in a chessboard pattern. This mode occurs at
76 cm~! when a Hamiltonian with 30% HF exchange is used,
but when the weight of HF exchange is reduced to 20% it
becomes unstable, i.e., it has an_imaginary frequency and
would lead to creation of a \2 X \2R45° superlattice. Lattice
distortions occur frequently in cuprates and have been asso-
ciated with soft modes, although, as mentioned above,
Ca,Cu0O,Cl, does not undergo this type of distortion, even
when doped. The lattice instability for Ca,CuO,Cl, shown in
Fig. 4 is different from that found in a phonon calculation for
La,Cu0,.*° In that case the unstable mode at the X (7, )

]
- 0. ¢
09060
9 & -9

¢ ddsa

FIG. 4. (Color online) Phonon eigenvector for (7r,7) Cu-O
bending mode in the CuO, plane.
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TABLE V. Comparison of I" point phonon frequencies in cm™!' for Ca,Cu0,Cl, (CCOC), Sr,CuO,Cl,
(SCOC), and La,CuO,4 (LCO) obtained from experiment and computation.

Symm. CCcoc? scocP LCOP LCO* Lcod¢ LCO®
Ay, 326 435 431 375
184 228 208 202
As 407 516 491 441
179 354 361 182
157 234 226 132
B, 235 261 193
E, 615 525 695 669 660 630
334 351 400 359 360 319
210 176 360 159 147
115 140 145 148 120 22
E, 187 256 201
133 97 26

#This work, 30% HF exchange, and A unit cell.

PReference 33. Data are from fits to optical reflectivity.
‘Reference 30. Data are from fits to optical reflectivity.

dReference 30. Data are from shell model calculation.

°Reference 34. Data are from first principles local density approximation calculation.

point of the Brillouin zone leads to a rigid tilting of the CuOgq
octahedra out of the CuO, plane. Neutron scattering®"-3? in-
dicates that this instability is a consequence of a soft mode.

III. DISCUSSION

In this section, we compare computed frequencies for
Ca,CuO,Cl, with frequencies for other cuprates with a simi-
lar structure, obtained from experiment and computation.

Phonon frequencies at the I" point of the Brillouin zone
from theory and experiment for three cuprates with similar
structures are collected in Table V. Ca,CuO,Cl, A, mode
frequencies are significantly below those of La,CuQy, as ex-
pected, since these are stretching modes involving apical
ions of CuO,Cl, or CuOg octahedra. There is considerable
scatter in the predicted and measured frequencies for the A,,
modes. Predicted B,, out of phase CuO, plane buckling mode
frequencies lie in a fairly narrow range, from
261 to 193 cm™!. The E, Cu-O stretching mode in La,CuO,
lies well above that in Ca,CuO,Cl, and it is perhaps surpris-
ing that substitution of Sr for Ca or Br for Cl makes such a
large difference in Cu-O stretching frequencies. The shifts
are =95 cm™! on replacing Ca by Sr in Ca,CuO,Cl,,2%3* and
—38 cm™! on replacing CI by Br in Sr,CuO,Cl,.** E, modes
are Cu-apical ion bending modes and so E, frequencies for
Ca,CuO,Cl, are expected to lie below those of La,CuQO,.

In Sec. II, we noted that increasing the weight of HF
exchange in the calculation by 10% increases mode frequen-
cies by around 4% for all stable modes. We also noted that an
instability in the Ca,CuO,Cl, lattice, when a Hamiltonian
with 20% HF exchange was used, was removed when the
weight of HF exchange was increased to 30%. There are

large differences in lowest energy E, and E, mode frequen-
cies in La,CuQ, predicted by a local density calculation®*
(Table V, rightmost column) by a shell model calculation®
(Table V) or observed in experiment.’>33 In contrast to an
unstable B,, symmetry mode at the X point of the Brillouin
zone, which is associated with a soft phonon at low tempera-
ture and whose softening has been attributed to anharmonic-
ity in La,CuO, force constants,>* the E symmetry modes
observed in experiment are stable at all temperatures. These
large differences in £ symmetry mode frequencies may be
explained by overestimation of the electron gas polarizability
in the local density calculation, leading to underestimation of
mode frequencies, or even mode instabilities.

IV. CONCLUSIONS

The electronic structure, crystal structure, and phonon
modes of Ca,CuO,Cl, were calculated using several hybrid
density functional Hamiltonians with weights of HF ex-
change ranging from 20% to 40%. The former is the B3LYP
functional. Phonon frequencies typically shift upward by 4%
when the weight of HF exchange is increased by 10%. Fre-
quencies of E, symmetry Cu-O stretching and bending
modes, calculated using a functional with 30% HF exchange,
were 615 and 334 cm™!, respectively. These frequencies are
in good agreement with modes observed by IR spectroscopy
at 620 and 350 cm~!.2° Phonon frequencies were calculated
using 1 X 1 and 2 X 2 unit cells in which the Cu ions in CuO,
planes were ferromagnetically (F) or antiferromagnetically
(A) coupled. When calculations with the same HDFT Hamil-
tonian were repeated in either cell, Cu-Cl modes had nearly
identical frequencies but some Cu-O modes shifted down-
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ward in frequency by up to 10% in the F unit cell, indicating
the importance of magnetic coupling in determining these
mode frequencies.
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APPENDIX: DETAILS OF CALCULATIONS

HDFT calculations were performed using the CRYSTAL
program.”? Gaussian orbital basis sets used were standard all
electron basis sets for Na,*> Ca,3¢ Cu,37 0, and CL* The
Cu basis was supplemented by an extra d orbital with an
exponent of 0.20 bohr~2 and the outer exponent of the stan-
dard Cu basis’” was adjusted to 0.43 bohr™2. The outer sp
exponents of the Cl basis were modified to 0.294 and
0.090 bohr~2. Tolerances for lattice sum convergence within
the CRYSTAL program were chosen to be 77 7 7 14.
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