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Intragap states in SmB;
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The results of wide-range measurements of the low-frequency, rf, and microwave conductivity in the typical
mixed-valent narrow-gap semiconductor samarium hexaboride are presented. The established steplike anomaly
of conductivity o(v) around 10 GHz is discussed in the framework of the exciton-polaron approach and
coherent-state formation in SrgBit helium temperatures. A combined analysis of the dc- and wide-range
ac-transport characteristics and dielectric permittivity data at low temperatures is developed.

Samarium hexaboride is a prototypical member of a classnagnetoresistan&eand elastic modulu€;,° etc., can evi-
of intermediate-valence compounds, the narrow-gap semdently be understood in terms of an electronic phase transi-
conductors. Gap formation in these materials is thought tadion at T,,~5 K.°
originate from the hybridization of the narrofvband with From this point of view the investigation of the
broad enougts,p,d-type conduction bands, with each unit frequency-dependent differenegpmi— oq4c at low tempera-
cell containing an even number of electrons. Although $mB tures should probably be the key experiment to shed light on
has been studied comprehensively for about three decadehge origin of the extraordinary ground state of SmBhere-
since the 19705,all the questions about the origin of the fore, comprehensive measurements of the low-frequency, rf,
intragap states and the mechanisms of low-temperature coand microwave conductivity in samarium hexaboride have
ductivity in this very interesting and intriguing material are been carried out in the present study, and the results obtained
still not fully answered3 allow us to develop a combined analysis of the dc- and wide-
Moreover, only very recently have direct measurement$ange ac-transport characteristics and dielectric permittivity
been performed of the low-temperature dynamical conducf(T). at low temperatures. _ _
tivity o(v) and dielectric permittivitye(») in SmB; single Single-crystal samples from the same ingot as in Refs. 4
crystals in the spectral range from 0.6 to 4.5 nfele., and 5 were used in the investigation. Special attention was

below the hybridization gap. The results obtaihésgether ~focused on the preparation of the sample surfased the

with the data from low-temperature transport measurerentLONACts for performing the resistance and impedance mea-

give evidence of an indirect energy gap of about 20 meV jrpurements. The dc Hall voltage and the (@cHz-50 kH3

) " . " resistivity were measured by the Van der Pauw four-probe
the density of states. Additionally, “impurity states” have . ) ¥ e .
been found aE,~3.5meV below the bottom of the con- method with a low-frequency lock-in amplifier technique.

duction band* H v af . ) Using a HP 4191A rf impedance analyzer, radio frequency
uction band. However, only a few microscopic parameters experiments in the range 1 MHz-1 GHz were performed

of the charge carriers have been determined Sésfar_' , with a short enough semirigid coakiime with the help of a

An essential difference between dc and submillimeteryygstat assembly of original design. The electrodynamical
range conductivitfby a factor of 100 has been established response of Sm@in the millimeter wave range of frequency
for samarium hexaboride at low temperatufiess T,=5K (35 GH2 has been studied by the microwave cavity pertur-
(Ref. 4; see also curves 1 and 3 in Fig. The appearance of pation techniqué?
the discrepancy betweeny,,nandog. is accompanied by a  The ac-conductivity measurements have been carried out
transition to a “metalliclike behavior” of the Seebeck and within a very wide(of about nine orders of magnitudée-
Hall coefficients(Fig. 1, curves 4 and 5; see also Ref. 5 quency range at temperatures below the electronic phase
Moreover, a number of significant changes in thermody+ransitionT<T,~5 K. The data obtained are presented in
namic and kinetic characteristics such as the thermal exparfig. 2 (upper panegltogether with submillimeter and optical
sion coefficienf NMR spin-lattice relaxation rate, conductivity result§Refs. 3 and % The established dramatic
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o FIG. 2. Frequency-dependent conductivigr) (upper panel
FIG. 1. Temperature dependence of conductivitfT,v,) at and dielectric permittivitye(») (lower panel of SmB; at different
fixed frequencies(l) O, vo=35 GHz, X, 480 GHz(2) 900 MHz; temperatures. The solid lines in the upper panel show a fit with one
(3) dc results. Additionally the temperature dependence of the re(T=3.75K) and two T=4.8 K) Debye relaxator terms, which al-
ciprocal Hall[eRy(T)] " (curve 4 and Seebecl§(T) (curve 5 lowed us to estimate the dielectric contributiofshown by solid
coefficients from Ref. 5 and the squared plasma frequeiﬁF(Sf) lines in the lower panglproduced by the conductivity step at
(curve 6 from Ref. 4 of SmB are shown. The temperature intervals around 10 GHz.
I, I, and Il correspond to intrinsic conductio & 14 K), the “im-
purity scattering” region(5-14 K), and the coherent statel (  temperature transport parameters of samarium hexaboride.
<Tn,~5K), respectively. The inset gives a simplified view of the | the intrinsic conduction regiom=14K (Ref. 5; see
band structure of Sm3 region | in Fig. 3 the experimental results for conductivity
o(T) and the Seebecl(T) and Hall Ry(T) coefficients
decrease of low-temperature conductivity happens in the freFig. 1, curves 3—Bcan be described in the framework of a
quency interval 0.5—-20 GHz, where the conductivity changephenomenological semiconductor approach:
between ogpm=13Q tcm! and 04 ~0.1Q tcm?!
(Figs. 1 and 2 An essential change in the,{(T,v,) depen- ks(b—1 E 3 m
: : ; ; 9 n
dencies at fixed frequenay, can be detected in the interval “ el brioTt Zlnm_ , (1)
100-1000 MHz(see Fig. 1, curves 1 and 2lthough the B P
conductivity activation energy is approximately the same as

for the low-frequency range. At low frequencies Mn~ Hp=Ryo, 2
<50 MHz, the ac-conductivity variatioa(v) is negligible in
abrogating any hopping transport interpretation in the low- In|Ry|~Eg/2kgT, (€)

temperature interval <5 K for SmB;. Moreover, the ap-

pearance of the(v) steplike anomalyFig. 2 for T<5Kin  WhereEgy is the gap energyo= un/up, pn, My, pp,my, are
combination with the “metalliclike behavior” of transport the electron and hole mobility and effective masses, respec-
and thermodynamical parameter¥ certainly can be consid- tively, kg is the Boltzmann constant, ardis the charge of
ered as the imprint of coherent-state formation in samariunthe €electron. From a comparison between the slopeS of
hexaboride at liquid helium temperaturéssT,,~5K. On  ~1/T and INRy|~1/T (Fig. 1, curves 4 and)5the ratiob

the other hand, the existence of the narrowt bands in the =un/up=50 can be deduced, and then thg(T) and
near vicinity of the Fermi energir probably allows one to  #p(T) dependencies can be directly evaluated from @4.
discuss theo(r) anomaly in terms of a manifestation of and the experimental results of Fig. 1, curves 3 and 4. More-
heavy-fermion transport and the appearance of a correlatiopver, in application of the plasma frequency beha\ﬂﬁ)(T)

gap in the high enougli-d-type density of states of the of conductive electrons from Ref. &ee curve 6 in Fig. )1
intermediate-valence compound. To distinguish between difene can expect to estimate the effective maggT) and
ferent mechanisms that can be used to describe this class @flaxation time( 7,,) of the electrons, which are given by the
phenomenon, it is necessary to analyze consistently the lowsimple expressions
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sults Figs. 1-3 we assume that the state§at=3.5meV
correspond to the formation of short-range excitons in the
vicinity of Sm centers as a consequence of fast valence fluc-
tuations of 4 electrons in SmB at intermediate tempera-
turesT>5 K. It is interesting to compare the proposed inter-
pretation with the result of inelastic neutron scattering
experiments? where the maximum of electron density has
been estimated at a distance of about 1.5-2 A from the Sm
sites in the direction of the neighboring boron octahedra.
Moreover, from the low-temperatureT{2 K) data the
authors? suggested the presence of interaction between these
short-range “excitonic clouds” formed around each Sm ion
in SmB;. In addition, to add an argument against the
T(K) correlation-gapA interpretation of the low-temperaturd (
<5 K) anomalies in Smp it is necessary to point out also
the very smallA value (A~hv~0.01 meV) that can be es-

10™

<z (sec)

FIG. 3. Temperature dependence of effective nma$¢T) (0)

and the relaxation timér, ,) as deduced from dc-transport mea- . . S .
surementS@® electrons and> holeg and as calculated from the tablished from theo() steplike anomaly at liquid helium

analysis of the contributions from the Drude conductivity,,qe temperaturesFig. 2, upper pan?al . .

(¢) and the conductivity peak at 24 Ctho,. (A) together with On thg other hand, the apphcatlpn of the exciton-polaron
the relaxation rate parameters of NMRef. 7) (#), inelastic neu-  concept in Smpallows one to consider the low-temperature
tron scattering experimentRef. 14 (¥), and ultrasonic attenuation ‘‘metallization” at aboutT,,~5 K as a transition to a coher-
measurementéRef. 9 (*). The temperature intervals |, Il, and 1l ent state with strongly interacting exciton-polaron com-
correspond to intrinsic conductiom£&14 K), the “impurity scat-  plexes. There are a few models of interacting excitons that
tering” region (5-14 K), and the coherent statdf€T,~5K),  could be appropriate to describe the experimental results

respectively. (Figs. 1—-3 within the exciton condensation phase Bt
<T.,~5 K. Among them the mechanism of electron-hole

vf)l(T)= Ne?/ mm* (T), (4) droplet formation at liquid helium temperatures in Sgits
been discussed qualitatively in Ref. 5. Unlike the photo-
np= & Tn,p>/m?§,p (5) generated electron-hole liquid in classical semicondudcfors,

in the case of SmBthe fast charge fluctuations at each Sm

Both of the m*(T) and (7,)(T) parameters estimated center may serve as a source of short-range excitons in a
from the experimental results of Fig. 1 in this manner ardarge concentration £10°?cm™3). Indeed, the calculated
presented in Fig. 3. Additionally, the reciprocal damping ratevalue of the critical concentration for condensed phase for-
calculated from the Drude term of the conductivity in the mation n.~a*~*~5x 10" cm™° does not allow us to ex-
submillimeter rangtis shown in Fig. 3, together with the clude the electron-hole droplet interpretation. In our previous
reciprocal oscillator damping rate of the peak anomaly inpaper; the wrong value of effective mass} ~100m, was
o(v) that was observed in SmgBat the energiesEp.,  Used to estimate the excitonic state parameters.
~3meV? To complete the set of characteristics of the Another approach has been executed recently in the
charge carriers, it is possible to estimate ¢kg)(T) param-  framework of the Falikov-Kimbal model to describe
eter by using the value for the heavy charge carrierd’ (4 the ground-state formation of intermediate-valence
holeg effective masgn;:(loooi 500)m,, which was ob- compound&.6 Bose-Einstein condensation of excitons was
tained in Ref. 12 from optical plasma resonance measurexredicted in Ref. 16 for SmBaccompanied by a second-
ments. The(7,)(T) dependence is shown in Fig. 3 and asorder ferroelectric phase transition and the appearance of
could be expected from the nature of the charge fluctuatiofferroelectric resonance together with a threshold singularity
phenomena, these two parametérg)(T) and(7,)(T) are I the |r_1frared absorption spectrum._Thgse autfgnedict a _
practically the same, at least within the limits of experimen-dramatlc enhancement of the polarization due to electronic-
tal accuracy. type ferroelectricity in SmB Divergence of the static di-

One of the most important parameters that can be estglectric constant in the direction of spontaneous polarization
mated from our datéFigs. 1-3 is the localization radius of and a critical behavior for a temperature-driven transtfion

“the impurity states”: could be verified by a Kramers-Kronig analysis of the wide-
rangeo(v) results(Fig. 2, upper panglin combination with
a* =#/\2m* Eqy (6) direct radio frequency capacitancg(T) measurements.

Avoiding the known problems of Kramers-Kronig analysis
Using the value€,~3.5 meV andm} ~30m, (Fig. 3 we (limitation and uncertainties due to extrapolatiptise Debye
calculated the smat* ~6 A value for these intragap states relaxator terms have been used to estimate the dielectric con-
in SmB;. The small value of the localization radius serves adributions produced by the conductivity steps at around 10
an argument in favor of interpreting the low-temperatureGHz (Fig. 2, lower panel The results of ther(v) fit with
properties of SmBwithin the Kikoin-Mishchenko exciton- one (T=3.75K) and two T=4.8K) Debye relaxator terms
polaron modet? In developing the approach of these presented in Fig. 2 are in good agreement with the concept of
authors® for application to analysis of the experimental re- electronic ferroelectricity® It is worth emphasizing the ex-
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the dielectric permittivity is very sensitive to the radiation
frequency(see also Fig. 2, lower panednd does not occur
for high-frequencye(T) results[millimeter and submillime-
ter range, see Fig.(d].

Direct radio frequency capacitan€®T) measurements
of SmB; have been carried out with a HP 4191 A rf imped-
ance analyzer with low-temperature assembly. To avoid the
equipment limitations that occur for radio frequency capaci-
tance measurements of the highly conductive $isdnples,
a schema with two additional calibrated capacitors in series

a with the sample has been applied to estimate roughly the

. . AC/C~ A€l e behavior. Despite the strong influence of the
schema parameters on the experimental results, the electronic

- hase transition can certainly be detected=at K [see Fig.
"o l ;'--'-"-““..1. Z(b)]. Moreover, the data ob%/ainéﬁig. 4(b)] can b[e cons%—
0.5 ﬂm““m“""‘HﬂHWHHH+H+H++HW' ered rather in support of a noticeable increase of the dielec-
s ' tric permittivity e(T) in the vicinity of the electronic transi-
< o054 tion temperaturd ~5 K in SmB;.
8 ] In summary, the results of wide-range ac-conductivity
044 measurements are reported for Syréngle crystals at he-
| lium temperatures. A comprehensive analysis of the low-
024 temperature dc- and ac-transport characteristics in combina-
' tion with recent quasioptical ddtaand the well-known
6_0 i : . . ' | thermodynamic properties of SrgBuggests interpretation of

5 10 5 20 25 the data in the framework of the Kikoin-Mishchenko
T (K ' exciton-polaron model. In developing the approach a discus-
(K) sion in terms of the different scenarios for coherent ground

FIG. 4. The dielectric constant temperature dependence as dé—tate formation is presented.
tected(see text from (@) quasioptical investigation&Ref. 4: (1)
v=162 GHz;(2) 480 GHz.(b) rf capacitanceC(T) measurements:
(1) 130 MHz; (2) 450 MHz; (3) 900 MHz.
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