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Far-infrared optical properties of antiferromagnetic SmTiO 5
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The polarized reflectance of nominally stoichiometric SmgTtas been measured in the far-infrared at
temperatures above and below the antiferromagnetat téenperaturd, of 50 K. The appearance of a feature
near 120 cm?® when the electric field vector is polarized along thexis correlates with the onset of magnetic
ordering in the Ti and Sm sublattices, suggesting it is likely due to a magnetic transition. Its large linewidth and
relatively high-energy scale point to a two-magnon process. Becaus$eTidg family of compoundgwhere
Ris a rare earth or Yis susceptible to doping by vacancies on kusite, the nominally stoichiometric sample
examined has a small, but finite background conductivity of the ordef28cm™* at low frequencies. This
background conductivity, like that along the semiconductinaxis in underdoped cuprate superconductors,
appears to be of an incoherent nature with a magnitude below Mott's minimum metallic conductivity. At
temperatures beloWy there is evidence that the continuum interacts strongly with a nearby allowed phonon
mode causing considerable asymmetry. The correlation between the onset of magnetic ordering and the ap-
pearance of asymmetry in the allowed phonon mode suggests that this continuum, to which the mode appears
to be strongly coupled, may be of magnetic oridi80163-18269)09209-1

. INTRODUCTION exotic metals such as the heavy fermion compounds,SRu
(Refs. 7,8 and UCuy.2 Recently it has been established that
The RTiO; family of compoundgwhereR is a rare earth the cuprate superconductors have a pseudogap in-&xés
or Y) has experienced increased interest recently. Like theptical conductivity which is believed to be due to the open-
cuprate-based highz superconductors these compounds caring of a gap in the spectrum of spin excitations which affects
be doped using a variety of mechanisiiexcess oxygen, the conductivity (charge transportvia an interaction be-
chemical substitution, cation vacandigs yield materials tween the charge and spin excitatiGrurthermore, the in-
ranging from highly correlated magnetic insulators to poorplane midinfrared spectrum of undoped and very lightly
metals. The electronic and magnetic temperature-dopingoped cuprates is characterized by a weak absorption, gen-
phase diagram of the titanites has been discussed by Tbkurarally thought to be magnetic in origifi.Since the mecha-
Considerable effort has been put forth to study the progresqism underlying the high-temperature superconductivity is
sion of the optical properties with doping using varied spec-ot yet fully understood, but is widely believed to arise from
troscopic techniques including photoemissforeflectancé,  magnetic interactions, it is of considerable interest to inves-
and Raman scatterifgUnlike the cuprate superconductors tigate the effect of magnetic ordering on the optical proper-
which are derived from an antiferromagnetic parent comiies of other perovskite-based oxides.
pound which is a charge-transfer insulator with the gap
formed between occupied oxygemp 2tates and the unoccu-
pied copper 8 states of the upper Hubbard band, insulating
RTiO; is a Mott insulator with the gap formed between cor-  Single crystals of nominally stoichiometric SmTi@ere
related Ti 3l states of the lower and upper Hubbard band.synthesizetf by heating a previously prepared polycrystal-
Here we focus our attention on the nominally stoichiometricline sample of this material to just above its melting point of
member SmTi@, and investigate the far-infrared optical 1800 °C and quenching to room temperature. To avoid oxi-
properties at low temperatures where the Ti and Sm subladation the product of the reaction was carried out under a
tices are in a state of antiferromagnetic order. vacuum of 10° Torr in an induction furnace. A crystal was
Far-infrared spectroscopy has proven to be a valuable toslelected and its orientation was determined using the Laue
for the investigation of materials with magnetic phase tranx-ray-diffraction technique. Magnetization was measured us-
sitions. Paramagnetic, ferromagnetic, and antiferromagneting a Quantum Design superconducting quantum interfer-
insulators were studied extensively for magnetic resonancemnce device dc magnetometer. The far-infrared reflectance
in the 1960’s> Magnetic phenomena were also found to in- measurements were carried out at temperatures ranging from
fluence the optical properties of certain metallic materials0.6 to 90 K using a Martin-Puplett-type polarizing interfer-
For example, the optical properties of chromium were ob-ometer and a Helium-3 Cryostat. This interferometer is opti-
served to be affected by an antiferromagnetic energy®gapmized for the very far infrared, and allowed reliable data to
Such spin-density-wave gaps have since been found in motee obtained to frequencies as low as 5 “¢mThe midinfra-

II. EXPERIMENTAL
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FIG. 1. The unpolarized reflectance of nominally stoichiometric ~ FIG. 2. Low-frequency reflectance of SmTEi@ith the electric-
SmTIO; at 60 K (main figure. Modes labeled 1, 2, and 3 are as- field vectorE polarized along@) the b axis and(b) the a axis at
signed to the three main vibrational bands associated with the cubigeveral temperatures. Note the appearance of a feature liRaxie
ABO;, perovskite structure: the external mode (FiOctahedron — spectrum near 120 cmt (indicated by an arropvat temperatures
vibrates against the rare-earth atonasd the internal Ti-O bending below the antiferromagnetic etemperature.
and stretching modes, respectively. Note the upturn in the reflec-
tance towards unity at the lowest frequencies. The inset gives thB€ar in spectra of the isostructural rare-earth orthoferrite
magnetization of the same crystal showing clearly the antiferromaglaFeQ; (Ref. 15 and, therefore, we identify it as an ordinary
netic transition near 50 K. allowed phonon mode.

The distorted orthorhombic perovskite crystal structure of
red reflectance was measured at liquid-nitrogen temperatu®mTiO; belongs to thePnma space group® The lattice
using a Bomem Michelson Interferometer for frequencies uggonstants of the crystal used in the optical investigation were
to 5000 cnl. In both cases aim situ gold evaporation was found to bea=5.635 A, b=7.725 A, andc=5.440 A.
used to obtain the absolute reflectafteligh-frequency ex- A full group-theoretical analysis of the expected infrared-
tensions to enable Kramers-Kronig analysis to obtain the opactive phonon modes in this coordinate system yiellg,9
tical conductivity were taken from previous room- +7B;,+9Bg3, .16 Polarized reflectance measurements were
temperature daté. carried out in the far-infrared along all three axes. The results
for the long axish and one of the two short axasare shown
in Fig. 2.

As is clear from the magnetization, shown in the inset of

Figure 1 shows a portion of the composite unpolarizedrig. 1, upon lowering the temperature to 50 K the sample
spectrum obtained for far-infrared measurements carried outndergoes a transition to an antiferromagnetic state. More
at 60 K. As discussed previously for room-temperature specextensive magnetic and neutron-diffraction measurements on
tra of the RTiO; series'* the phonon spectrum consists of Sm;_, TiO; samples further support this conclusion and
the three main vibrational bands associated with the cubishow that antiferromagnetic order is well established for
ABO; perovskite structure, which are split into several re-smallx, disappearing at=0.101! Similar observations have
solvable modegin particular the central bajcdue to an been made for the Nd,TiO; systemt’ The low-
orthorhombic distortion. The central band, and the highestemperature single-crystal neutron-diffraction measurements
frequency band, comprised of the components labeled 2 angf a Sm 4;TiO5 crystal from the same growth batch as that
3, respectively, have been assigned to the internal Ti-O bendavestigated optically estimated the magnetic moments to be
ing and stretching motions of the Tictahedron, respec- 0.72(1)ug and 0.43(1ug on the Ti and Sm sublattices, re-
tively. The lowest frequency band which appears to consistpectively. The Ti spins were found to be oriented primarily
of the two resolvable components labeled 1 in the figure isalong thea axis with a 7+ 3° tilt towards theb axis, while
assigned to the external mode in which the J@@tahedron the Sm spins were oriented at-2° to thec axis. A small
vibrates against the rare-earth atoms. The just-barely referromagneticlike component to the magnetization, of un-
solved component near 70 crhwas not identified in the known origin, also exists.
previous room-temperature wdfkbecause the measure-  While the similara- and c-axis spectra showed a moder-
ments did not extend as low in frequency. A mode withate temperature dependence of the phonon band as can be
similar frequency and oscillator strength does however apseen for thea axis in Fig. Zb), the onset of antiferromag-

Ill. RESULTS AND DISCUSSION
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netism was accompanied by an interesting change in the 1200

b-axis spectrum. As shown in Fig. (&, a strongly 000 | | % ]
temperature-dependent feature emerges out of the low- ) T

frequency shoulder of the phonon situated near 180 'tm 1000 | § % {ﬁ ]

Since x-ray and neutron-diffraction measuremtnas tem- : oos| S

peratures as low as 1.5 K show no evidence of a structural -0.09 -;Lx%

phase transition, and the emergence of this feature coincides 800 | 012 et |

with the onset of magnetic ordering we assign it to a mag-
netic resonance. Note that on a much smaller scale, the
a-axis spectrum of Fig. ®) shows some similarities.

1

Real Conductivity (Q 'cm™)

Temperature (K)

600 |
Antiferromagnetic resonancAFMR) modes were ob-

served experimentally using the technique of far-infrared

transmission spectroscopy by Kondoh on NiO in 18and 400

Ohlmann and Tinkham in 1961 on Fe® after their exis-
tence was predicted theoretically by Kittel in 19%IAFMR
modes have since been observed in transmission in a number
of compounds. In 1982, Hasleret al. investigating Fek 200 -
and Cok observed these magnetic resonances by means of
reflectance spectroscopy. AFMR modes correspond to
zone-cen_terl(mO) excitations and usua_lly occur at very low 05 20 20 150 160 200
freqt_:enmgs in the far mfrared.. Followmg the expenmental Frequency (cm™)
confirmation of AFMR modes, it was discovered that addi-

tional absorption, resulting from the excitation of two mag- FIG. 3. Kramers-Kronig derived low-frequency optical conduc-
nons with equal and oppositevector, may be observed at tivity of b-axis polarized SmTiQ@ at several temperaturesain
higher energy” Because the magnon density of states isfigure). Successive curves have been shifted by I0'cm™* for
typically peaked at points on the Brillouin-zone boundary theclarity. Note the growth of the feature near 120 chilabeled M
two-magnon absorption can appear at frequencies considet temperatures below the antiferromagnetic ordering temperature
ably higher than twice the energy of the zone-center AFMROf 50 K. Note also the small but finite background conductivity.
mode. In Mnk, for example, which has a'themperature The inset shows the temperature dependence of the parafheter
of 67.7 K, the AFMR mode is found at 8.7 crhwhile the which characterizes the asymmetry of the phonon mode as defined
two-magnon absorption occurs near 100 -4 The two- in the text. Dashed lines are a_guide tp the eye. Note the increase in
magnon absorption can be of equal, or even greater intensiﬁ?‘ymmEtry below the magnetic ordering temperafijje

than that of the AFMR. These two types of modes can be

further distinguished by the linewidth of the absorption fea-proximation, an order of magnitude scaling based on the ra-
ture. Because the two-magnon mode is influenced by théo of the Neel temperatures suggests magnetic excitations on
k-dependent magnon density of states it is typically muchthe order of 100 cm® in SmTiO; would be associated with

broader than the AFMR mode. ) a two-magnon process, while AFMR modes might only be
In Fig. 3 (main we present the Kramers-Knay derived  expected below the spectral range investigated.
optical conductivity forb-axis polarized SmTiQ at several The low-frequency shoulder in the reflectance of the pho-

temperatures. Each successive curve has been shifted by 186n band at higher temperatures gives rise to a step in the
Q~lcm! for clarity. The feature we identify as a magnetic optical conductivity near 100 cht of approximately
excitation(M) is indicated. Given that for the relatively low 20 O~ 'cm™!. This increased level of background conduc-
Neel temperature of 50 K, the mode has a high energy scalgivity continues on the high-frequency side of the mode
(120 cni't) and considerable linewidth, we assign it to awhich has a symmetric Lorenzian-like form. It is not clear
two-magnon process. Further support for this conclusion cawhether at lower temperatures the magnetic peak develops
be drawn from a comparison with light-scattering experi-out of this shoulder or is a new entity. However, even if the
ments on magnons in other perovskite-based antiferromagnode were present abov&,, this would not strictly pre-
nets. For example, KNif; RbMnF;, and RbCok have the  clude a magnetic origin. Two-magnon modes have been ob-
simple cubic perovskite structure with antiferromagneticserved in light-scattering experiments to temperatures as
Neel temperatures of 245, 101, and 82.5 K, respectivelyhigh as 4y .%* Further support for a magnetic origin to this
Two-magnon modes are found at 750, 336, and 133 '¢m mode can be taken from the fact that it is observed only
respectively, while single-magnon modes have been obalong theb axis where the group-theoretical analysis bears
served for KNip and RbCok at 4.5 and 31 cm!, out the least number of expected phonon modes. It is there-
respectively* Note that to within factors of two, the two- fore highly unlikely that this is simply a weak mode which
magnon energy scales roughly withy. The rare-earth becomes resolved at low temperatures. It is interesting that
orthoferrites RFeQ;, which have a slightly distorted perov- this feature appears in theaxis spectrum while the Ti and
skite structure and are isostructural RYiO3, have Nel  Sm spins sit primarily in thac plane suggesting that it is the
temperatures ranging from 640 to 690 K dependingFon canting of the spins towards theaxis, or the small ferro-
One-magnon scattering is found in the region frommagnetic component, that plays an important role.

10-20 cm!, while two-magnon scattering occurs on a The temperature dependence of the 175 trphonon
much higher energy scale of 1000 ¢h?® To a first ap- mode is also noteworthy. At low temperature it begins to
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take on a form highly reminiscent of the Fano-like resonancenagnetic excitation and the phonon mode which are charac-
which results when a single narrow mode interacts with derized by the positions of their center frequencigeg, and
broad backgrouné This might be regarded as surprising wp, respectively, their linewidthsl'y, and I, and their
given the fact that the sample is nominally stoichiometricoscillator strengthsppy, andwpp,. The multiplicative fac-
and insulating. Th&TiO; family of compounds is however, tor of &'’ allows for an asymmetric line shape to the phonon.
as alluded to above, susceptible to doping by vacancies ot was found that the position of the magnetic excitation
the R site?’ In fact, the Sm-site occupancy was determined'émained essentially constant as the temperature decreased
from a structural refinement of single-crystal x-ray data ob-While its oscillator strength increased dramatically and its
tained using a crystal from the same batch as the sampl1ewidth decreased. The phonon mode was found to harden
studied here, yielding a composition of SgTiO;. 1! These and narrow with decreasing temperature and to exhibit a
observations are also in keeping with recent Raman§mal| decrease in oscillator strength, possibly suggesting

scattering measurements on the nominally stoichiometri¢®Me transfe_r to the magnetic resonance. Ofgregtest Interest
is the behavior of the parametérwhich characterizes the

RTiO;3 series which found evidence for an electronic scatter- symmetry of the phonon mode. Its temperature dependence
ing backgrou.ndz to which certain phono_ns were couple s shown in the inset to Fig. 3. Note that abdlg that 6 is
strongly as indicated by SUCh. a Fanq-llkg asymméetry. essentially zero, indicating that the mode can be described by
Moreover, the reflectance of Fig. 2 which is seen 1o riS€; gymmetric Lorentzian while the onset of magnetic ordering
towards unity at low frequencies also suggests the presencg |ower temperature causes the mode to become increasingly
of a small background continuum, which from the optical more asymmetric. Since this mode appears to be coupled to
conductivity of Fig. 3, derived assuming this to be the casethe continuum, as evidenced by the pronounced asymmetry,
is of the order 20Q~*cm™* along theb axis. and furthermore is noticeably affected by the magnetic phase
The presence of this continuum, attributed to doping byransition, one might speculate that the background conduc-
vacancies on the rare-earth site, and corroborated by the Réwvity is of magnetic origin, or at least, as is believed to be
man work, is interesting given that the electrons are believeghe case for the-axis conductivity of the cuprates, strongly

to exist in localized states in these magnetic insulators. Thﬁ]ﬂuenced by an interaction between Charge and Spin excita-
fact that the magnitude is significantly lower than Mott’s {jgns.

minimum metallic conductivity lim# and that the dc resis-
tivity exhibits a semiconductinglike negative temperature IV. CONCLUSIONS
coefficient! suggests incoherent transport. This decidedly _ . .
non-Drude-like behavior, and the absolute level of the back- " conclusion, in addition to the expected phonon spec-
ground optical conductivity is typichf® of that along the trum consisting of three main V|bra_t|onal bands, measure-
semiconducting: axis of many of the underdoped cuprate ments of the low-temperature far-infrared reflectance of
superconductors which are built of similar perovskitelike "ominally stoichiometric SmTiphave revealed two further
layers, suggesting there could be a common origin to thigharacteristic features of th_e optical pro.per.tles, the presence
unusual transport. of a mode near 120 cnt with the electric field vector po-
Some insight into the origin of this background conduc-arized along theb axis at temperatures below the onset of
tivity may be gleaned by considering the temperature O|eperf';_1nt|ferromagnetlc order in the Ti an(_JI Sm sublattlces,, a_nd a
dence of the 175 cht phonon mode. One finds that it ap- non-Drude background with a magnitude below Mott’s lim-
pears to be strongly influenced in the vicinity of the iting minimum metallic conductivity. In addition, the lowest
antiferromagnetic phase transition. Because there are sonfigduency allowed phonon band, corresponding to vibrations
difficulties encountered in a direct application of the Fano®! the rare-earth atoms against the Ji€age, takes on a very
formalism to describe the real optical conductiityg, it ~ @Symmetric appearance beldi, indicative of a strong in-

was fitted to the form: tera_ction with this. c_ontinuum which may be of magnetic
origin. The mode is interpreted to be due to a two-magnon
process.
w
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