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Antiferromagnetism in CaCu;Ti,O4, studied by magnetic Raman spectroscopy
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For CaCyTi,O,,—an insulator that exhibits a giant dielectric response above 100 K*@atiferromag-
netic spin ordering has been investigated by magnetic Raman scattering and magnetization measurements.
Below the Nel temperatureT =25 K, magnetic excitations have been identified. Ab@yeRaman spectra
reveal short-range antiferromagnetic fluctuations that increase with coolingl like No deviations from
Curie-Weiss law have been observed abdye
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Recently the insulating cubic compound CagliyO,, has  magnetically due to the superexchange interaction. Accord-
attracted much interest because of its giant change in thieg to the Goodenough ruléi has been suggestéthat the
dielectric response with temperature. This compound possuperexchange between the copper spins is promoted via the
sesses a low-frequency dielectric constant,10°, which is titanium ions rather than via the usual oxygen path. How-
only weakly varying in the temperature range 100—600 K.ever, the interactions are expected to be weak.

Below 100 K however, there is an abrupt 100-fold reduction The arrangement of the & spins and thus the magnetic
in the value ofe but no structural phase transition that is structure is shown in Fig. 3. We consider the effective ex-
usually associated with a large dielectric response has beeamange integralsl,;, J,, and J; between nearest, next-
observed. X-ray diffraction and thermodynamic data arguenearest and third-nearest neighbors. The spins are ordered
against an explanation in terms of collective ordering of localantiferromagnetically along th@11) direction with a ferro-
dipole moments:2 It has been suggested that at low tempera-magnetic alignment in thgL11] planes’

tures a redistribution of electric charge in the unit cell occurs Several excitations of the magnetic ground state by
accompanied by strong changes in the relaxational charactgrhoton-induced spin exchange are possible. Direct one-
istic of dipolar fluctuations. The CaCyTi,O;, magnetic magnon excitations, which correspond to the reversal of a
structure has been investigated by neutron diffraction andingle spin by spin-orbit or magnetic dipole-dipole interac-
susceptibility measuremerfts.The system is antiferromag- tion, are weak and can be identified by splitting in a mag-
netic below the Nel temperaturd y=25K. netic field® In most cases the spectra are dominated by two-

In this paper, we investigate the magnetic properties ofnagnon excitations that correspond to exchanging the

CaCuyTi,0;, single crystals by Raman spectroscopy, magnepositions of two neighboring spins. The underlying mecha-
tization, and heat-capacity measurements. The data reveaism is the following: the incoming photo#; creates a vir-
local antiferromagnetic fluctuations between room temperatual electron-hole state consisting of an excitation across the
ture andT, that rapidly strengthen with cooling lik& 1.
This surprising result cannot be explained by frustration ef-
fects since the magnetization exhibits no deviations from the
Curie-Weiss law and the Weiss constant is very close to the
Ty value.

Figure 1 shows the crystal structure of CaliyO;,, a
cubic perovskitelike compound with space group Ip8int
groupT},).® Important features of this structure are the JiO
octahedrons, which are considered to be responsible for the
giant electrical polarizability. If the position of the“Ti ion
slightly shifts with respect to the oxygen cage local dipole
moments arise. Because of the tilted arrangement of the oc-
tahedrons the ordering of the dipole moments is frustrated
and no ferroelectric phase transition has been obsér¥ed.
However, the Ti-O bonds are set under tension.

Figure 2 shows the heat-capacity and magnetization mea-
surements that indicate an antiferromagnetic phase transition
at 25 K with a Weiss constant @iy=—30K. 1y is linear FIG. 1. Crystal structure of CaGTi,O;,. The unit cell is built
with temperature showing Curie-Weiss behavior almost taip by the atoms inside the dotted lines. It contains eight distorted
Tn. The CE™ ions carry a hole with spis=1/2 in the 31 TiO, octahedrons, copper atoms bonded to four oxygen atoms, and
shell, giving rise to magnetic moments that order antiferrodarge Ca atoms at the edges and in the middle without drawn bonds.
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600 traveling-solvent floating-zone method using a four-
ellipsoidal mirror type image furnace. Dried starting materi-

] 500 als of CaCQ, CuO, and TiQ were mixed and baked at

800 °C and 850 °C for 24 h each with intermediate grindings

to make the single-phase powder of CaliyO;,. The feed

rod was formed by a rubber tube in a hydrostatic press, and

baked in air at 900 °C for 12 h. The pelletized solvent with

the composition of CaGUi30,:TiO,=80:20 in molar ratio

was placed between the feed rod attached to the upper shaft

and a seed attached to the lower shaft and was melted at the

focal point. Each growth was performed fer8 h with the

1100 growth speed of 6 mm/h in an oxygen atmosphere. During
the growth, the upper and lower shafts rotated at 30 rpm in

0 opposite directions of each other to mix the molten zone. The

10 20 30 40 50 60 typical crystal size was 5 mm in diameter and 20 mm in

T{K) length.

Raman measurements were performed fron{ 10€)] sur-

ce of the crystal mounted in a continuous helium flow op-

tical cryostat. All spectra were taken in a backscattering ge-

ometry with excitations from a Kr laser. The laser power

was less than 10 mW and was focused to b diameter

spot on the sample surface. The spectra were analyzed by a

optical gap; then the fermions emit two magnons at energieSUSIOm triple grating spectrometer. All spectra were cor-
oy (one by each fermionwith momentag and — q before rected for the spectral response of the spectrometer and de-

recombining by emitting an outgoing photon with the energytector. _The temperatures were corrected for laser heating.
loss ;= w;— 2wy . The energy loss is the result of the per- In Fig. 4, we present thg tem.perature dependence of the
turbed spin position with respect to the ground stdteos- Ra@man response of Cagli,Oy, in parallel[z(xx)z] and
sible two-magnon excitations would correspond to the exroSS[2(xy)z] polarizations for blue excitation witho;
change of the spin in position 1 with the spins in positisn 1 = 2:6 €V. The intense peaks at high frequency are identified
or 2'. As will be shown below these processes can be re@S phonons. From the polarization dependence shown in Fig.

solved spectroscopically. Furthermore the magnetic behavigt @nd spectra taken forz(x+y,x+y)z] and [z(x+y,X

aboveTy, can be investigated and compared to the magneti— ¥)Z] polarizations after sample rotation by 45°, we con-
zation measurements. clude that the 500 cit phonon in cross polarization hag

Single crystals of CaGi,O;, were grown by the symmgtry, the phonons at 450 and 520 ¢rin parallel po-
larization obeyAy symmetry and the phonon at 580 and 300
r cm ! haveE, symmetry.

With cooling a new feature develops at low frequencies
for the [z(xy)z] polarization with a broad peak forming
aboveTy and a sharp structured band beldyy, suggesting
a magnetic origin for these excitations. To exclude a possible
one magnon origin, we applied an 8 T magnetic field. No

2 shift or splitting of the peak was observed in the field con-
firming its singlet two-magnon nature. In parallel polariza-
tion the peak is strongly suppressed. Its polarization depen-
dence revealsT, symmetry, typical for two-magnon
excitations. The inset in Fig.(B) shows the low frequency
part of the spectra with red excitatia# = 1.65 eV for which

3 the two-magnon intensity is suppressed. This demonstrates

the resonance behavior of the two-magnon excitation. The
magnon intensity is expected to be sensitive to the excitation

Q energy because the photon-induced spin-exchange process

involves a virtual electron-hole excitation to a higher energy
level 19 If the excitation energy is close to interband transi-
FIG. 3. Spin structure of CaGti,O,,. The copperblack) and tions a resonance enhancement occurs.

calcium(white) atoms of the lower right front eighth of the unit cell Figure 5 shows the low-frequency region of the Raman

(Fig. 1) are shown. The TiQ octahedron is neglected for clarity. response. The spectral shape depends strongly on the tem-

Each C4" ion carries a spin, pointing in th@11) or (111) direc-  Perature. Four temperature regions are distinguishable.

tion. J;, J,, andJ; are the exchange integrals between nearestAbove 70 K the spectra are basically flat and show weak
next-nearest and third-nearest neighbors. features. Only small deviations from the background are vis-
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FIG. 2. Magnetization and heat-capacity measurements o{a
CaCyTisO4,. Shown arey and C/T vs temperature. The antifer-
romagnetic phase transition occursTgj=25K. The inset shows
the inverse susceptibility /vs T with a Weiss constant ofy,=
—30K.
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FIG. 5. Low-frequency excitations of Cagli,O,, in cross po-
larization. BelowT ) the excitation consists of a clear pe@¥ at 66
cm ! and two shoulderéB andC) at 87 and 112 ci. The spectra
aboveT) are fitted with a damped harmonic oscillator function and
are enlarged by a factor of 2 for comparison with the magnon peak.
The 13 K spectra is fitted with three Lorentzians. The left inset
shows the integrated intensity of the magnetic excitations afbQve
(filled circles and below Ty (empty circle$ fitted with 1(T)
305K ~T~L. The right inset shows the peak positions of the excitations
aboveTy and peakA below Ty.

Raman Response Function (arb. units)

0 100 200 300 400 500 600 We explain the three components of the two-magnon band

) A below 25 K with the different spin-exchange processes de-
Raman shift (cm ) scribed above. We suggest that the two excitations at 66 and

. L 87 cm ! arise from the spin exchanges in positions 1 ahd 2
FIG. 4. Raman spectra in parallg) and crosgb) polarization #along\]l) and 1 and 1 (SlongJ?,). Tghe exc%ange along,

for different temperatures using an excitation laser wavelength of . . S ~
N=4825 nm. TIFq)e peaks at 45%1 520, and 580°bin the parallgl gives no effect. Thus the highest excitation at 112 tm

polarization and 500 cft in cross polarization correspond to could be a four-magnon process with instantaneous ex-

phonons. The low-frequency band in cross polarization correspond&1@Nges of two neighboring spin pairs. To estimate(i
fo two-magnon excitations. The inset shows spectra for excitation™ 1:2:3), We calculated the spin-exchange energies by count-

with A =752 nm in cross polarization. The magnon intensity is sup-Nd the interaction energies given by
pressed indicating resonant behavior.

ible. Below 70 K a clear peak develops around 35 ¢nThe H :%> ‘]ikl(SK' S, @

peak has a rather broad shape and its intensity grows with '

decreasing temperature. At 25 K, the value of the antiferrowhereS, and§ are the vectors of neighboring spins and the
magnetic phase transition, the peak shifts to higher energig8m is over nearest-neighbor, next-nearest-neighbor, and
and the shape becomes more structured. Below 2 sharp  third-nearest-neighbor sités=1,2,3 correspondingly The
structured two-magnon band with three componehts, energy of the two-magnon components correspond to the dif-
andC at 66, 87, and 112 cnt is observed. The two-magnon ference between the total magnetic energy calculated by Eq.
excitation has been fitted with three Lorentzians between 501) before and after the spin exchange. Thus, we yield a set
and 130 cm? (solid line). The left inset shows the intensity of three linear equations to combine with three excitation
development of the magnetic excitation above and b&lgw energies. The highest energy must correspond to the assumed
with a linear background intensity subtracted. The intensityfour-magnon process, reducing the number of solutions to
increases monotonically with decreasing temperature and tHwo. One solution gives ferromagnetic exchanged is,
antiferromagnetic phase transition does not immediately altetherefore, unphysicathe second gives antiferromagnetic ex-
the slope. The fit shows that the intensity of the fluctuationchange withd; =23, J,=3, andJ;=2 cm *. According to
(aboveTy) is proportional toT~1. Note that the intensity this solution, we assign featurein Fig. 5 to the k-2’ spin
enhancement occurs in the temperature region of the anomaxchange, featur8 to 11" and featureC to 12" and
lous T dependence of the dielectric constant. The peak posi2<1" (a double spin exchanpeNote that the double spin
tions in the right inset are constant above theeNempera- exchange +2’ and 2- 3’ yields similar results. The Weiss
ture and increase suddenly around 30 K. A slight anomaly isonstant is approximately given b¥gOy=—J;+2J,
observed around 100 K. —2J,3, thusy,=—31K is in good agreement with the ex-
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periment. Our value ofl;=23 cm ! is somewhat smaller peratures that increases the ionicity of the bonds may en-
than J;=34cm ! estimated in Ref. 5 and we obtaily  hance the superexchange interaction and hence the intensity
>J,,J; instead oflg>J,, J, as predicted in Ref. 8. How- of the fluctuations. On the other hand when the temperature
ever our minimal model has no adjustable parameters and ttig increased the giant dielectric response is observed and the
result is consistent with the magnetization measurements. intensity of the fluctuations drops. Assuming that the in-
Above the Nel temperature no magnon excitation is ex- crease ine is due to a displacement of the*Ti inside the
pected. We ascribe the peak around 35 tio local antifer-  TiO, octahedra, one expects the fluctuations be disturbed if
romagnetic spin fluctuations, e.g., to excitations of locallyTi** is essential for the superexchange interaction as is pro-
ordered spins, which we identify as overdamped magnonsgosed by Ref. 8. In this sense the increase with tempera-
Above Ty the long-range magnetic order is thermally de-yre is accompanied by a decrease of the fluctuations.
stroyed. Nevertheless, on a short-range scale spin fluctua- |n conclusion, we have investigated the low-frequency
tions persist and can be excited by light. The fluctuationsmagnetic excitations of CaGTi,O;, using Raman spectros-
reduce the number of spins that respond to an external fiel@lopy_ Below the Nel temperaturd =25 K magnetic exci-
and contribute to the susceptibility. Since the intensity of thgations are identified as a three component two-magnon
overdamped magnons measured by Raman increases Wiang. The exchange integrals are estimated within the frame-
cooling a deviation from linearity of the inverse susceptibil-\york of the Heisenberg interaction model. Short-range mag-

ity is ex_pected. In.spite .of that the susceptibility is in agree-netic fluctuations well abov@y were observed to develop
ment with the Curie-Weiss law almost downlq as can be  ith cooling asT 2. A possible connection between dielec-

seen in Fig._ 2. Therefore, we conclude that the fluctuationg;z and magnetic behavior is discussed.
are emphasized by the resonant Raman response.

The microscopic origin of th& ~* dependence of the in- We acknowledge discussions with A. M. Sengupta, S. M.
tensity of the fluctuations is not obvious. We suggest that th&hapiro, and M. A. Subramanian. This work was supported
proposed charge redistribution in the unit cell at low tem-in part by the Studienstiftung des Deutschen Volkes.
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