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We present infrared spectra of Gd,BaNiOs, which is isostructural to a prototype S=1 Haldane compound
Y,BaNiOs containing Ni?* chains, in the spectral range 2 meV-0.55 eV. Unlike Y,BaNiOs, the studied
compound contains magnetic rare-earth sublattices and orders antiferromagnetically at 7y=58 K. Detailed
information on optical phonons is given. Temperature dependences of frequencies and half widths for the two
lowest-frequency phonons polarized along the Ni-chain direction evidence the interaction of these lattice
vibrations with magnetic excitations. With the help of lattice-dynamics calculations, we find relative displace-
ment vectors of ions for all the phonon modes and use them to discuss the mechanism of phonon-magnon
interaction. The optical spectra exhibit a broad absorption continuum for radiation polarized along the chains,
probably of magnetic origin, gradually decreasing with lowering temperature. A new mode at about 30 cm™!
polarized along the chains (a axis) emerges below ~150 K. A midinfrared absorption peak at 1306 cm™!
(0.16 eV) is observed and found to sharpen and shift significantly at Ty. We argue that it can be attributed to
a phonon-assisted magnetic absorption and discuss its nature in the framework of the Lorenzana-Sawatzky-

Eder model.

DOI: 10.1103/PhysRevB.82.174425

I. INTRODUCTION

Gd,BaNiOs belongs to the family of chain nickelates with
a general chemical formula R,BaNiOs (R stands for a rare
earth or yttrium)."> The most famous member of this family,
Y,BaNiOs, is considered as an almost ideal model Haldane
spin-1 system.® It was Haldane* who first recognized the
difference in properties of integer-spin and half-integer-spin
one-dimensional (1D) Heisenberg antiferromagnetic (HAF)
chains. Among these properties, the Haldane gap and finite
correlation length for integer-spin 1D HAF chains should be
mentioned. Due to structural peculiarities of the chain nick-
elates, the perfectly straight Ni-O-Ni chains running along
the crystallographic a axis form an 1D HAF system of spins
S=1 (Ni**, see Fig. 1) with a strong intrachain exchange J,
~24.6 meV.’ The chains are well separated by Ba** and R**
ions and do not interact magnetically in the case of R=Y. As
a result, Y,BaNiOs does not order magnetically down to at
least 100 mK (Ref. 6) and demonstrates the Haldane gap
Ay=10 meV=80 cm™'3>78 The presence of magnetic
rare-earth ions leads to a certain interchain exchange J, and
a long-range magnetic ordering at low temperatures.>?-!! In
particular, Gd,BaNiO; first becomes antiferromagnetic at
Tn=58 K and then undergoes a magnetic reorientation at
Tr=23 K, where the nickel magnetic moments uy; rotate
from the a axis (uy;lla) toward the b axis (uy;llb).1012714
Inelastic neutron-scattering studies of Pr,BaNiOs and
Nd,BaNiOs (Ref. 11) have revealed well-defined 1D
Haldane-gap modes propagating along the Ni chains both
above and below the Néel temperature. Thus, Pr,BaNiOs and
Nd,BaNiOs preserve 1D properties even at 7<<TYy, due to a
small ratio of J, /J;. Such a behavior is expected to be valid
for all the other R,BaNiOs compounds, e.g., for Gd,BaNiOs
with ‘IL/‘IH ~ 10_2.12

1098-0121/2010/82(17)/174425(10)
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Analytical and numerical Monte Carlo studies of 1D
quantum spin chains have demonstrated an essential differ-
ence between the spectral density of magnetic excitations as
a function of the wave vector in the integer-spin and half-
integer-spin 1D systems (see, e.g., Ref. 15). For the spin-1/2
chains, the energy dynamical correlation function was con-
sidered and used to calculate the phonon-assisted optical-
absorption spectra of magnetic excitations, which turned out
to be an asymmetric band with a logarithmic singularity.'®
The calculated line shape reproduced very well infrared (IR)
measurements in quasi-1D S=1/2 Sr,CuOs.!7 Recently,
similar absorption was reported for CuO.'® As for the
integer-spin 1D chains, neither experimental nor theoretical
studies of the phonon-assisted magnetic absorption exist up
to now, to the best of our knowledge.

One of the aims of the present work is a search for the
phonon-assisted magnetic absorption in the quasi-1D S=1

FIG. 1. (Color online) Fragment of the crystal structure of
Gd,BaNiOs. The chains of NiOg corner-sharing octahedra along the
a axis are shown, barium and gadolinium being between the chains.
The two O1 oxygen atoms of the NiOg octahedron connect it with
other octahedra along the chain, the four O2 atoms lie in the bc
plane.

©2010 The American Physical Society
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TABLE 1. Phonon modes in R,BaNiOs.

Atom Wyckoff position Site symmetry Phonon modes

Ni 2a (00 0) Dy, B+ By, +B3,

Ba 2¢ (00 1/2) D,y B+ By +B3y,

(6] 2b (1/2 0 0) D,y B+ By +Bjy,

02, 81 (0 yxz)? C, (7 2A,+A+Bg+2B+Byy+ 2By, +2B3,+ B3,
0234 81 (0 —yx2)°

Gd;, 47 (120=x7")* Cyy (G340 +0%9) Ag+By+ B+ B+ B3+ By

Total 3A,+ By +2By,+3B3,+ A +6B,+6B,,+5B3,

1y=0.2414, z=0.1479, and z'=0.204 (Ref. 26).

Gd,BaNiOs compound. The knowledge of phonon modes is
essential for such study. Several Raman studies of
Gd,BaNiOs and the parent compound Y,BaNiOs; were re-
ported earlier.'®2?> The assignment of Raman-active modes
for the R,BaNiOs (R=Y,Gd) single crystals has been
performed,”® as well as additional modes of magnetic origin
have been found.?' The published data on the IR modes in
R,BaNiOjs are fragmentary.?>?} In Ref. 23, the reflectivity
spectra of an Y,BaNiOs single crystal were presented with-
out the analysis of phonon modes.

In this paper we study the temperature-dependent polar-
ized reflectivity spectra of Gd,BaNiOs in a broad range from
2 meV to 0.55 eV that give us information on the energies,
intensities, and linewidths of optical phonons. We use lattice-
dynamics calculations to find the eigenvectors of the ob-
served vibrational modes. With the aid of transmission spec-
troscopy on thin crystals, we get information on weak
features in the region of multiphonon absorption which are
possibly related to phonon-assisted magnetic transitions.

II. CRYSTAL STRUCTURE AND
FACTOR-GROUP ANALYSIS

The crystallographic structure of Gd,BaNiOs is described
by the Immm symmetry space group (No. 71). The primitive
cell contains nine atoms, which results in 24 vibrational nor-
mal modes. Because of the presence of the inversion center,
the Raman- and infrared-active modes are separated. Know-
ing the local symmetry of all the atomic positions, one can
perform the factor-group analysis (FGA) to find the symme-
tries of these modes.?*?3 Though the results of such analysis
have already been published in Ref. 19, we show here
explicitly which atoms contribute to which vibrational
modes, this point being important for the further discussion
of the phonon-magnon interaction given in Sec. VI. The
atoms, their coordinates in the primitive cell [in units of
the lattice constants ¢=0.37941 nm, »=0.5785 nm, and c¢
=1.14121 nm (Ref. 26)], site symmetries, and modes gener-
ated by each position are presented in Table I.

Subtracting the three acoustic modes B,+B,,+ B3, one
gets the following optical vibrational modes of the crystal, in
accordance with the results of Ref. 19:

1—‘Ivibr = 3Ag(xxayy’ZZ) + Blg(xy) + ZBZg(xZ) + 3B3g(yz) +Au
+ SBIU(E I C) + SBZU(E | b) + 4B3,(E | a)]

Notations in parentheses refer to the allowed components of

the electric dipole moment (IR activity) and of the polariz-
ability tensor (Raman activity).

It follows from Table I that only Gd and O2 give rise to
the Raman modes while all atoms contribute to the infrared
modes. In particular, displacements of nickel and the nearest
to Ni oxygen Ol ions contribute only to the IR modes, thus
we expect that only IR modes could show interaction with
the excitations of 1D-magnetic chains.

The lattice normal coordinates corresponding to phonon
modes of different symmetries can be written as linear com-
binations of ion displacements along the crystallographic co-
ordinate axes,

0i(Ay) =i (A R)[z(R)) — z(Ry)]
+ eiy(Ag’Oz)[y(Ozl) + y(022) - y(023) - y(024)]
+ eiz(Agvoz)[Z(ozl) - 2(022) + 1(023) - 1(024)],

0(B,) =[x(02}) + x(02,) - x(02;) - x(02,)]/2,
0(Ay,) =[x(02)) = x(02,) — x(02;3) + x(024)]/2,

Qi(Bzg) = eix(B2g7R)[x(Rl) - x(R,)]
+ (B2, 02)[x(02)) = x(02,) + x(023) - x(02,)],

Qi(BSg) = eiy(B3g’R)[y(Rl) - y(RZ)]
+ eiy(B3g’02)[y(021) - y(02,) + y(02;) — y(02,)]
+ eiz(B3g’02)[Z(021) + Z(Ozz) - Z(023) - 2(024)],

Qi(Byy) = ¢;(B 1y, R)[2(R)) + 2(R;)]
+e;,(B1,,02)[2(02)) + 2(02,) + 2(023) + 2(02,)]
+e;.(B,,Ba)z(Ba) + e,.(B},,Ni)z(Ni)
+¢;,(B1,,01)z(01) + €;,(B,,02)[y(02,)
- y(02,) - y(023) + y(02,)],

Qi(Byy) = €;,(By, R)[Y(R)) + y(Ry)]
+€;,(B,,02)[y(02)) + y(02,) +y(02;3) + y(024)]
+e;,(Byy, Ba)y(Ba) + e;,(B;,,Ni)y(Ni)
+e;,(B3,,01)y(01) + ¢;,(B,,,02)[2(02))
-2(02) - 2(023) +2(024)],

174425-2
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Qi(B3y) = eix(B3, R)[x(R)) + x(R;)]
+ €;,(B3,02)[x(02,) + x(02,) + x(025) + x(02,)]
+ e;,(B3y,Ba)x(Ba) + e;,(Bs,, Ni)x(Ni)
+ ¢;(B3,,01)x(01).

The components of the phonon polarization vectors e;,(I",\)
can be obtained as the normalized eigenvectors of a lattice
dynamical matrix at the Brillouin-zone center.

III. SAMPLES AND THE OPTICAL EXPERIMENT

Single crystals of Gd,BaNiOs were grown by the floating-
zone technique in an image furnace, as described in Ref. 27.
Their microstructure was checked by electron microscopy
and optical microscopy in polarized light. The composition
of the grown crystals was determined by energy-dispersive
x-ray spectroscopy analyses and the crystal structure verified
with the aid of x-ray powder-diffraction patterns taken using
Cu Ka radiation.?” Single crystals had typical dimensions 3
X 3% 3 mm?® and were oriented using the x-ray diffraction
method. For different optical measurements we prepared
samples of various thicknesses. The crystal surface in all
cases was polished using diamond abrasive with the finesse
down to 0.1 um.

Temperature-dependent reflection and transmission spec-
tra in the spectral range from 20 to 4400 cm™' (2.5 meV-
0.55 eV) and the temperature interval from 7 to 300 K were
measured for Ella, Ellb, and Ell¢ polarizations of the inci-
dent light, using a Fourier spectrometer Bruker 113 and a
helium flow cryostat. The reflectivity was obtained on the
thickest samples, in order to diminish internal reflections.
However, the Fabry-Perot oscillations were still noticeable
due to the completely insulating nature of this compound. In
situ gold evaporation was used in order to obtain the absolute
reflectivity. The transmission spectra were measured on thin-
ner samples.

IV. EXPERIMENTAL RESULTS

Figures 2(a) and 3(a) show the reflection spectra at 300
and at 7 K for two polarizations, parallel (Ella) and, respec-
tively, perpendicular (Ellc) to the chains. The optical con-
ductivity for both polarizations [Figs. 2(b) and 3(b)] was
obtained by a Kramers-Kronig constrained variational
amalysis,28 which takes into account the Fabry-Perot interfer-
ence fringes due to multiple internal reflections. Neverthe-
less, small oscillations still remain in the optical conductivity
spectra. Four strong phonons for the Ella polarization and
five ones for each of the Ellb (not shown) and Ellc polariza-
tions are present, which is in accordance with the results of
FGA. The dips in optical conductivity right below the strong
phonon peaks at 51 and 185 cm™! for the polarization Ella
are likely to be artifacts of the variational analysis, related to
the difficulty of a precise fitting of the Fabry-Perot interfer-
ence. The phonons shift and narrow markedly with cooling
down. One can also see that the Fabry-Perot interference
fringes at low frequencies (below 150 cm™') become more
pronounced at 7 K as compared to room temperature. Al-
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FIG. 2. (Color online) (a) Reflectivity and (b) optical conduc-
tivity o of Gd,BaNiOs along the chains (Ella), at room tempera-
ture and at 7 K. One can clearly see an enhancement of the inter-
ference pattern in the low-frequency part of the reflectivity
spectrum and the corresponding diminishing of the low-frequency
optical conductivity.

though this effect can be partially related to the narrowing of
the phonon modes, leading to a higher transparency at low
temperatures, we note that temperature dependence of the
Fabry-Perot oscillations is much stronger for the polarization
Ella (along the chains). This implies that there is an extra
optical absorption related to spin dynamics, which shows a
significant temperature dependence.

In Table II we present the frequencies of the infrared
modes of Gd,BaNiOs at 300 K. The phonon parameters for

Photon energy (meV)

Reflectivity

-l
o, (Qcm))

100 300 . 1000
Wavenumber (cm’)

FIG. 3. (Color online) (a) Reflectivity and (b) optical conduc-
tivity o of Gd,BaNiOjs perpendicular to the chains (Ellc), at room
temperature and at 7 K.
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TABLE II. Measured and calculated frequencies w; (cm™!) and half widths y (cm™') of the IR and
Raman-active phonons (Raman experimental frequencies from Ref. 20) in Gd,BaNiOs at room temperature.
Frequencies of the corresponding vibrations in Y,BaNiOs are in brackets (Refs. 20 and 23).

IR modes Raman modes
Experiment Theory Experiment?® Theory
wTo Lo Y wTo @ro w
Bs, (Ella) A,

51 (-) 62 (-) 1.3 84 85 175 (233) 151
185 (208) 225 (239) 3.6 163 177 518 (540) 479
313 (321) 473 (486) 7.6 303 562 562 (584) 582
739 (759) 764 (790) 10.7 735 760 By,

B, (EllD) 335 (340) 294
96 (112) 98 (117) 9 112 114 By,
130 (134) 146 (152) 11 170 178 123 (160) 120
284 (286) 340 (346) 7 257 297 312 (328) 343
382 (398) 474 (-) 16 369 491 B3,
486 (-) 549 (568) 25 492 617 183 (184) 179
By, (Ellc) 204 (269) 228
110 (115) 118 (122) 123 137 422 (440) 426
208 (219) 222 (244) 238 246
312 (347) 394 (403) 6 332 373
421 (427) 555 (552) 19 382 575
566 (570) 582 (605) 35 595 634

4Reference 20.

each polarization were extracted from the reflectivity spectra
using a general model of anisotropic Drude-Lorentz oscilla-
tors. The TO frequencies correspond to the peaks of the op-
tical conductivity [Figs. 2(b) and 3(b)], the LO frequencies
were found from the spectrum of the loss function Im[

Energy [eV]

0,12 0,14 0,16 0,18 0,20

—300K
2 | - -250K Elja
- 200K

—-=150K
—---=100K

o, (©@'em™)

1200

1400

Wave number (cm’)

FIG. 4. (Color online) Optical conductivity of Gd,BaNiOs at
several temperatures above and below Ty=58 K, in the midinfra-
red region. Inset displays an extended spectral region demonstrating
the onset of the nickel d-d transitions for optical conductivity along
the chains and a considerable temperature shift of the d-d optical-
absorption edge.

—1/&(w)] (not shown). To complete the experimental data on
phonon parameters (Table II), we added the data on Raman
frequencies at room temperature.?’

In the spectral region between 900 and 4000 cm™!, addi-
tional weak absorption peaks are present, mostly for the po-
larization along the chains (Ella). To analyze these modes,
we have studied temperature-dependent transmission spectra
in the mentioned region. The optical conductivity calculated
from these spectra is presented in Fig. 4. The optical conduc-
tivity peaks demonstrate gradual shift and narrowing while
cooling from 300 K to low temperatures. Meanwhile, we
would like to note that between 60 K (7>Ty) and 10 K
(T<Ty) only one mode (1306 cm™' at 300 K, see Fig. 4)
substantially changes its position. The absorption above
2000 cm™! is due to the d-d transitions in the Ni** ion (see,
e.g., Ref. 29). It decreases with lowering the temperature due
to the narrowing and shift of the d-d absorption bands. This
effect is much more pronounced in the Ella spectra where
the d-d absorption edge (shown in the inset of Fig. 4) is
situated at lower frequencies than for Ellc. Our data on the
Ni?* d-d absorption edge in Gd,BaNiOs are in agreement
with the data of Ref. 30 on the Ni** d-d optical absorption in
YzBaNiOS.

V. LATTICE-DYNAMICS CALCULATIONS

The calculation of lattice dynamics for Gd,BaNiOs was
performed in the framework of the rigid-ion model, which
allows for the long-range (Coulomb) and short-range (non-

174425-4
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TABLE IIL. Ion charges (in units of the proton charge) and parameters of the non-Coulomb interactions in

Gd,BaNiOs (in units of joules per square meter).

Bond type and length, R

Bond type and length, R

Ton Charge (nm) ;_a % % (nm) #% Zl%
Ni 0.94 Ni-O1 0.1897 =30 241 01-02 0.2898 -0.8 7.5
Ba 1.58 Ni-O2 0.2191 -14 125 02-02 0.2793 -1 8
Gd 2.16 Gd-02 0.2257 =20 150 02-02 0.3006 -0.5 4.5
Ol -1.04 Gd-O1 0.2328 —-15 130 Ba-O1 0.2892 -12 98
02 —1.45 Gd-02 0.2441 -14 113 Ba-02 0.2947 -8 55

Coulomb) interactions between the ions. The energy of the
non-Coulomb interactions was modeled as a function V(R)
of the distance R between the ions. The contributions to the
lattice force constants determined by the first and second
derivatives of the function V(R) were taken into account and
considered as model parameters. Lattice sums in the Cou-
lomb terms were calculated by making use of the Ewald
method. The effective ion charges and the first and second
derivatives of the functions V(R) for different pairs of the
interacting ions (see Table IIT) were obtained by fitting the
calculated phonon frequencies to the results of measurements
(see Table II). The effective charge of the oxygen Ol ions is
well defined by the LO-TO splitting of high-frequency Bs,
mode (764-739 cm™'). A large difference between the
nominal and effective charges (for example, —2 and —1.04
for the Ol ions) can be explained by a strong covalent char-
acter of the Ni-O1 bonds which correlates with a strong ex-
change interaction between the nearest-neighbor Ni ions
through the intermediate O1 ions. The calculated frequency
of the silent mode A,, in Gd,BaNiOs equals 228 c¢cm™'. The
elastic constants of Gd,BaNiOs estimated from the calcu-
lated sound velocities along the crystallographic axes are
C11=281 GPa, C22=311 GPa, C33=218 GPa, C44
=68.5 GPa, C55=52.4 GPa, and C66:325 GPa.

Although we could not achieve a perfect agreement be-
tween the experimental and calculated frequencies using
physically reasonable parameters (which is not surprising
given the simplicity of the lattice-dynamical model used), the
calculations reproduce correctly the main principal features
of the phonon spectra in R,BaNiOs and give us relative dis-
placement vectors of ions for all the phonon modes. Table IV
lists the calculated components of the polarization vectors in
Gd,BaNiOs but Fig. 5 illustrates atomic movements in the
unit cell for different IR phonon modes.

Raman modes are generated by the displacements of only
two atoms (Gd and O2). Moreover, the lowest-frequency A,,
By, and B3, modes involve mainly the gadolinium vibrations
which leads to a well pronounced dependence of the phonon
frequency on the ionic mass (Gd vs Y). The infrared-active
modes, in general, include displacements of all the atoms and
therefore have a complex nature. Nevertheless, among these
modes the B;,-TO mode at 739 cm™! has a specific character
as it contains mostly the in-chain vibrations of the Ni and O1
atoms As it is discussed below, this makes favorable a cou-
pling of this mode to magnetic excitations. The other three
B3, modes also modulate the Ni-O distances along the
chains, although in a less degree than the mode at 739 cm™.

VI. DISCUSSION

The most striking feature of the optical conductivity of
Gd,BaNiOs is, probably, the existence of the low-frequency
continuum in the Ella polarization and an opening of the
optical gap with lowering the temperature. Figure 6 shows
the temperature dependence of the in-chain optical conduc-
tivity at two selected frequencies (80 and 200 cm™') away
from the phonon peaks. The curves clearly show a kink near
the Neel temperature. This fact suggests that the background
is due to a broadband magnetic absorption. Simultaneously
with the optical gap opening, a new mode at about 30 cm™!
emerges and becomes visible below ~200 K (see Fig. 7).
Before discussing the origin of the observed optical absorp-
tion continuum and the new mode 30 cm™', we briefly re-
view the known data on the magnetic excitations of quantum
spin chains.

Magnetic excitations of the 1D HAF chains were
intensely studied both theoretically!’>3! and exper-
imentally.®3233 Any isolated 1D magnetic chain does not or-
der magnetically even at zero temperature because of quan-
tum fluctuations. There is, however, a fundamental difference
between the integer- and half-integer-spin chains:* an
integer-spin chain possesses sites with zero spin projection
and, as a consequence, has a gap in the spectrum of magnetic
excitations (the Haldane gap) and exponentially decaying
spin correlations (in contrast to a power law in the S=1/2
case). At zero temperature, in the higher wave vector region
q>/2a (a is the lattice constant which equals to the dis-
tance between the Ni spins in the chain) the magnetic exci-
tations are well defined quasiparticles but in the wave-vector
region 0 =g <m/3a they are two-particle excitations where
both constituent particles are taken from ¢=m/a region.!?
The Haldane gap at g=7/a has the value Ay=0.41J, and,
correspondingly, the lower boundary of the two-particle con-
tinuum at ¢g=0 is at 2Ay.!> The evolution of the magnetic
excitation spectral density shape from a narrow peak at g
=m/a to a smeared continuum near ¢g=0 is continuous and
monotonic. A rather narrow spectral distribution is still ob-
served at g=m/2a, peaked near the maximum of the spin-
wave dispersion curve E(g=m/2a)=2J; VS(S+1).153* At el-
evated temperatures, the gap shifts to higher energies and
spreads while the dispersion curves flatten.*? In Y,BaNiOs,
the Haldane gap becomes overdamped and the corresponding
neutron scattering peak is no longer observed above
~100 K, which is the order of the energy gap.® Below the
temperature of the three-dimensional (3D) magnetic order-
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TABLE 1V. Polarization vector components ¢;, (TO,\) for optical phonons in Gd,BaNiOs, indicated by their symmetry and the

measured frequency (in cm™!, see Table II).

IR modes Raman modes

B, Ag
N «a 110 208 312 421 566 N «a 175 518 562
Rz 0.2150 -0.4049 -0.1490 0.0356 —-0.0086 Rz ~1/ \5 ~0 ~0
Baz -0.8579 0.1669 -0.0073 0.0538 -0.0250 02z ~0 0.289 0.407
Ni z 0.3349 0.7499 -0.4256 0.1811 0.1104 02y ~0 -0.407 0.289
Ol z 0.1300 0.0716 0.6918 0.6140 0.3086
02z 0.0984 0.1354 0.2698 -0.3354 —-0.0982
02y 0.0304 0.0295 0.0343 0.1836 -0.4618

Bzu B3g
N «a 96 130 284 382 486 N« 183 204 422
Ry -0.4451 0.0731 0.1544 -0.0796 0.0088 Ry ~1/ \5 ~0 ~0
Bay 0.4604 -0.6934 -0.0607 -0.1807 0.1959 02y ~0 0.448 0.221
Niy 0.5827 0.6466 0.1585 -0.3256 -0.1085 02z ~0 -0.221 0.448
Oly 0.1482 -0.1598 0.2515 0.4921 -0.7874
02y 0.0443 0.1236 -0.3364 0.2900 0.0915
02z 0.0747 0.0309 0.3192 0.2598 0.2721

B3, By, By,
N a 51 185 313 739 N «a 123 312 335
R x 0.3329 0.3213 0.1403 -0.0014 R x ~1/ \5 ~0
Ba x -0.8652 0.0706 0.1172 -0.0115 02 x ~0 ~0.5 0.5
Ni x 0.1469 —-0.7889 0.3027 0.4062
Ol x 0.0797 -0.3704 0.0448 —-0.9096
02 x 0.0217 -0.0849 -0.4619 0.0435

ing, the Haldane gap and the in-chain magnetic excitations
still survive although their spectral weight is redistributed in
favor of the emergent 3D magnons.''3> With three magnetic
ions (Ni+2Gd) per crystallographic primitive cell of
Gd,BaNiOs and six per magnetic cell, a number of 3D mag-
non branches may be expected, most of them in the energy
region ~\J,J | =2.5 meV=20 cm™!. As far as we know,
there are no experimental data on these low-energy magnons.

At the first glance, the observed low-frequency optical-
absorption continuum at elevated temperatures 7> Ay could
be connected with the creation by the photon (which has the
wave vector ¢g=0) of the Haldane chain spin excitation with
the wave vector g=0 or a pair of spin excitations with wave
vectors ¢ and —q. However, such absorption would start
above ~2A=~160 cm~'. Even more important, the absorp-
tion associated with one spin® is symmetry forbidden, be-
cause the local symmetry group of Ni’* contains inversion,
and so is the two-magnon optical absorption that might be
induced by exchange interactions within the chains, because
of the presence of the center of inversion at the half distance
between the two neighboring Ni ions along the chain.’® The
exchange mechanism should, however, be effective for the

AF spin pairs in the neighboring chains within the ab plane
and along the ¢ axis. Possibly, the low-frequency background
and the new mode 30 cm™' are connected with the two-
magnon optical absorption within the ab planes. Magnetic
correlations in these planes persist well above Ty=58 K giv-
ing rise to a broad low-frequency background absorption,
which gradually transforms into a well-defined peak with
decreasing the temperature.

To get a deeper insight into a possible interaction of lat-
tice vibrations with magnetic excitations, in Figs. 8§ and 9 we
have plotted the temperature dependence of the TO frequen-
cies and half widths of the infrared-active modes polarized
along the a and c¢ axes, respectively. The two lowest-
frequency vibrations along the chain direction, namely, the
B, modes 51 and 185 cm™' soften with lowering the tem-
perature while the other infrared (and Raman®!) active modes
exhibit a more conventional hardening with cooling down
(which corresponds to the hardening of atomic bonds with
diminishing interatomic distances). The same two modes
show the strongest narrowing with lowering the temperature.
The ratios of the half widths at 7=5 K and at room tempera-
ture for these vibrational modes are less than 0.1, in contrast
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B3u, 51 cm

Blu, 312 cm?
Blu, 421 cmt B2y, 382 cm-1 Bal AaJeat!
y
Z § I X
B1lu, 566 cm? B2u, 486 cm-1

FIG. 5. (Color online) IR-active phonons in Gd,BaNiOs: sche-
matic view of polarization vectors found from lattice-dynamics cal-
culations. Symmetries and measured phonon frequencies are
indicated.

to the values between 0.3 and 0.7 found for other vibrations.
Such behavior of the in-chain modes 51 and 185 cm™' could
be connected to the interaction of these lattice vibrations
with spin fluctuations within the system of interacting Ni-
O-Ni antiferromagnetic chains.

O 220cm’

B!
6, (Qem)

0....I....I....
0 100 200 300

Temperature (K)

FIG. 6. (Color online) Temperature dependences of background
optical conductivity along the chain direction for the two selected
wave numbers, 80 and 220 cm™'. A kink near the Neel temperature
is seen.
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FIG. 7. (Color online) Emergence of a new mode at 30 cm™.

Reflectivity curves at different temperatures are shifted successively
along the y axis.

To discuss the mechanism of the interaction between the
in-chain lattice vibrations and the magnetic excitations, we
inspect the eigenvectors of the in-chain (Bs,) modes, found
from the lattice dynamics calculations (see Table IV). In all
the B3, modes the atomic displacements are along the a axis.
In particular, these modes modulate the lengths of the Ni-
O-Ni bonds along the chain and, thus, the Ni-Ni exchange
integral. The strongest modulation is realized in the
739 c¢cm™! B;, mode, then come the 185, 313, and 51 cm™!
B3, modes. Being in resonance with the magnetic two-
particle continuum, a phonon of the Brillouin-zone center

0 100 200 300

=300 K)
=
[3S3

1,00

0,98 4

Phonon frequency, o(T)/o(T

300 K)

Halfwidth, y(T)/y(T

T T
0 100 200 300
Temperature (K)

FIG. 8. (Color online) Temperature dependence of the relative
frequencies and half widths of the B3, TO vibrations along the
chains.
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FIG. 9. (Color online) Temperature dependence of the relative
frequencies and half widths of the IR-active phonons polarized per-
pendicular to the chains.

broadens and shifts due to a decay into two magnetic exci-
tations with opposite directions of the wave vectors, ¢ and
—q. The largest density of the in-chain magnetic excitations
is concentrated at g=7/a in the Haldane-gap mode. In the
family of compounds (Nd,Y,_,),BaNiOs, the Haldane-gap
mode was found to smoothly shift from 80 to 92.5 cm™!
(which is half the frequency of the 185 cm™' By, mode) in
the temperature interval from 50 to 80 K.3° Softening and
narrowing of the 185 cm™' B;, mode with decreasing the
temperature can be related to a corresponding diminishing of
the spectral width for magnetic excitations and a redistribu-
tion of the spectral weight.

This scenario is not fit for the mode 51 cm™' half the
frequency of which is well within the Haldane gap. However,
both the mode 51 cm™! and the mode 185 ¢cm™' are in reso-
nance with the broad low-frequency continuum at elevated
temperatures, which was tentatively assigned to the two-
magnon optical absorption due to magnetic fluctuations
within the ab planes. Both discussed modes strongly modu-
late the exchange interaction between the Ni ions in neigh-
boring chains within the ab plane, by modulating the Ni-O2-
02-Ni and Ni-O2-Gd-O2-Ni angles and, thus, interact with
the in-plane magnetic excitations. Just this mechanism could
give the main contribution to the broadening of the mode
51 cm™! at elevated temperatures. It seems possible that, at
low temperatures, the continuum transforms into the well-
defined peak 30 cm™! of the two-magnon absorption and the
modes 51 and 185 cm™' go out of the resonance.

As for the B3, modes 739 and 313 c¢cm™!, their decay is
hindered because halves their frequencies are in the region of
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FIG. 10. (Color online) Temperature dependence of the peak
near 1306 cm™' compared to the temperature dependence of the
B, TO phonon frequency near 740 c¢cm™.

very low density of the magnetic excitations.® We argue be-
low that the mode 739 c¢m™!, which the most strongly modu-
lates the exchange interaction within Ni-O-Ni chains, mani-
fests its interaction with the in-chain magnetic fluctuations in
a different way, by a peculiar spectral feature in the mid-IR
(MIR) spectral region.

Multiple peaks are observed in the in-chain Ella absorp-
tion spectra above the optical-phonon frequencies (see Fig.
4). The analysis of the peak frequencies and their tempera-
ture dependences shows that most of the MIR peaks are due
to the two-phonon absorption. However, the peak at about
1306 cm™' (at room temperature) falls out of this interpreta-
tion. Figure 10 shows the temperature dependences of the
frequency of this peak, together with the frequency of the
vibrational mode near 739 cm™! exhibiting the largest ob-
served frequency shift. It is evident that the frequency of the
considered peak 1306 ¢cm™' has a peculiarity at the tempera-
ture of the magnetic ordering T\=58 K while the mode
739 cm™! (as well as any other vibrational mode) does not
have any. This fact points to the magnetic nature of the
optical-absorption peak at 1306 cm™'. We tentatively assign
this feature to the phonon-assisted absorption by magnetic
excitations of the S=1 HAF nickel chains. Similar absorp-
tion by spinons of S=1/2 copper chains has been observed
in Sr2CuO3,17 and, recently, in CuO both above and below
Ty.'® It has been shown that the peak frequency equals w,
+E(g=1/2a), where w, is the frequency of vibration that
strongly modulates the Cu-O-Cu distances along the chain
but E(g=/2a) is the energy at the lower boundary of the
spinon continuum at g=/2a, E(q=m/2a)=mJ/2. The wave
vector of magnetic excitation needs not be zero because of
the phonon recoil.!” Dispersion of a high-frequency optical
phonon, which is much smaller than the typical energy scale
of the spin system, J;, can usually be neglected.!” A compre-
hensive theory exists now for the S=1/2 (half-integer-spin)
HAF chains.'®373% We suppose that a similar mechanism
should exist for the S=1 (integer-spin) HAF chains, resulting
in phonon-assisted magnetic absorption with a peak fre-
quency equal to wy+E(g=1/2a)= wy+2J VS(S+1). In par-
ticular, for Gd,BaNiOs, as it follows from vibrational eigen-
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vectors, the Ni-O-Ni distances along the nickel chains are the
most strongly modulated by the B;, TO vibration with the
frequency of wy,=739 cm™!. The frequency of the highest
B, LO mode (764 cm™!) monotonously diminishes with the
increasing propagation vector along the HAF chains and, in
particular, according to calculations, equals 747 cm™! for the
phonon wave vector (7/2a,0,0). Also, it should be noted
that the calculated phonon density of states in Gd,BaNiOs
contains a narrow peak at the frequency wy. Taking the value
J;=198 cm™' as for Y,BaNiOs,> we obtain E(g=m/2a)
~2JVS(S+1)=560 cm™' which results in wy+E(g=m/2a)
~1300 cm™!, close to the observed peak frequency
1306 cm™. It should be noted that the MIR band at 0.25 eV
observed in the absorption spectra of La,NiO, has been
qualitatively described by a two-dimensional version’’ of the
already mentioned theory of the phonon-assisted magnon
absorption.'®

VII. SUMMARY

Polarized temperature-dependent reflection spectroscopy
of Gd,BaNiOs single crystal and lattice-dynamics calcula-
tions allowed us to sort out three phonons of the B, sym-
metry (51, 185, and 739 cm™!) that modulate exchange in-
teractions between the nearest-neighbor Ni ions within the
magnetic 1D chains and between the Ni ions in neighboring

PHYSICAL REVIEW B 82, 174425 (2010)

chains. Two of them, at 51 and 185 cm™!, demonstrate an
unusual temperature behavior of the frequency and half
width. We attribute such behavior to the interaction of these
modes with a continuum of magnetic excitations. The third
mode (739 cm™!) gives rise to the strongest modulation of
the Ni-Ni exchange and activates the magnetic absorption
(so-called phonon-assisted magnetic absorption) which re-
sults in a broad band in the region of two-phonon absorption,
distinguished by a peculiarity in its spectral position at Ty.
The energy of this band corresponds to the sum of the pho-
non energy and the energy at the lower boundary of the
spinon continuum at g=m/2a. A new mode at about
30 cm™! polarized along the chains (a axis) was found and
tentatively attributed to the two-magnon absorption due to
the AF spin pairs in the neighboring chains within the ab
plane.
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