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Electronic structure and polarons in CaMnO5_s single crystals: Optical data
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The ellipsometry measuremertis the energy range=0.5—-5.0 eV on cleavage surfaces of single crystals,
the measurements of the absorption and reflectance sgectfa04—-0.8 eV, electrical resistivity, and mag-
netic susceptibility were carried out for determination of peculiarities of the fundamental absorption spectrum
and the conductivity mechanism in CaMgQ single crystals. The energy of fundamental absorption edge
associated with the direct transitions was determineg,a<l.55 eV. The absorption band with two maxima at
2.2 and 3.1 eV corresponding to the charge transfer transitions was revealed. The polaron band at 0.7 eV was
discovered and polaron parameters were determined. Peculiarities of IR absorption and dc conductivity of
CaMnQO,_;s in dependence on oxygen stoichiometry are determined by the superposition of hopping and band
conductivity of spin-lattice polarons, and by additional localization of charge carriers under oxygen vacancies
ordering.
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[. INTRODUCTION formed in visible and near-infrarg¢R) ranges to get spectra

The manganites La,CaMnO; are objects under inten- of the r_eal and imaginary parts of permittivity. The optical
sive study due to the “colossal magnetoresistance” for com@PSorption and reflection spectra of single-crystal plates were
positions with 0.17% x< 0.50 anck~ 0.9 Hole-doped man- studied in the middle IR range. The goal of the present study
ganites (with ;<<0.5) .Were synthésized and  widely is the determination of peculiarities of the fundamental ab-
investigated both in polycrystalline and single-crystal form,SOrPtion spectrum and interaction of light with the charge
see, for example, Ref. 2. Properties of manganites wittfa/"iers in CaMn@.; single crystals. X-ray diffraction, tem-
electron-dopingx>0.5) were studied using only polycrys- perature dependence of electrical resistivity, magnetization,
talline samplegsee Refs. 3 and 4 and references in there and paramagnetic susceptibility were investigated also.
Ref. 5 the data are reported about CaMrsihgle crystals up C

;{r?f(())fri ;Tignrg?))gumtﬂrr?eisrlzoe fcilég‘l"’”rgoé?tig??sluggssé r?tUt any  are studied. The crystals grown in different atmospliaie
p prop ' or argon were used.

E_xpe_rlmentgl study of the electron structure of the man- e show that there is the band in the optical conductivity
ganites is the important fundamental problem. The questlon§pectra with two maxima at 2.2 and 3.1 eV, which can be
about applicability of different approaches to description ofysgqciated with superposition of the charge-transfer transi-
ground and excited states are discussed in the literature: pns Q(2p) —Mn(ey)T and Q2p) —Mn(tyg)|. Intensity of
what case it is necessary to take into account Coulomb repe peak at 2.2 eV depends on Mn contents. Earlier the band
pulsion on site fod electrons, what is the relative position of at 2.2 eV was not revealed in the optical conductivity spectra
Mn(3d) and Q2p) bands, what is the nature of the chargeof CaMnO; polycrystalline sample®? Comparison experi-
gap. Optical properties give fundamental information abouimental spectra of the optical conductivity in the visible range
the energy spectrum of compound and are often used aswith the o(E) spectrum of CaMn@obtained in Ref. 8 on the
criterion of applicability of various methods for calculations basis of local spin-density approximatiqghSDA) band-
of the electron structure. At the present time the questiorstructure calculations reveals substantial discrepancy of spec-
about the nature of low-energy excitations and existence afa both in the energy position of the fundamental bands and
polarons in electron-doped manganites remains also uria distribution of the spectral weight. The energy of funda-
solved. To find answers for all these questions, it is necessarmyental absorption edge corresponding to the direct transition
to get experimental optical data on qualitative single crystalés determined ak,=1.55 eV. The band at0.7 eV found in
in a wide spectral range. the absorption and optical conductivity spectra is associated

Optical conductivity spectrar(E) of CaMnO;, polycrys-  with lattice polarons. The higher-than-theoretical value of the
talline samples were obtained in Refs. 6 and 7 from refleceffective magnetic moment in the paramagnetic range indi-
tivity spectra by the Kramers-Kronig transformation. Note cates that these polarons are spin-lattice ones. The variation
that application of this method does not allow to find a fineof absorption coefficient and electrical resistivity of
structure of the optical spectra. CaMnQ;_; single crystals grown in different atmosphere is

In the present work the ellipsometry measurements omxplained by different concentration of oxygen vacancies
cleavage surfaces of CaMpQ single crystals were per- and their ordering.

In the paper the influence of oxygen nonstoichiometry of
aMnQ;,_; crystals on optical properties and dc resistivity
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TABLE |. Composition in weight and the atmosphere under the crystal groavih;the parameter of
pseudocubic lattice &t=300 K, T is the Curie temperaturd), is the paramagnetic Curie temperatysgs
is effective magnetic moment ing.

Sample  Composition a, nm Te, K 0, K Meffs LB
1 CaMnG; in Ar 0.7459+0.0002 123 385+5H 4.15+0.02
2 CaMnG; in air 0.7460 121 -415 4.37
3 CaMnQ;+1% Mn in Ar 0.7461 121 -270 3.95
4 CaMnQ;+1% Mn in air 0.7461 121 -370 4.24
Il. SAMPLES AND EXPERIMENTAL DETAILS ried out using Faraday magnetic balance within a

Single crystals of CaMnQ; were grown by a floating- t€MPerature range of 80—600 K.
zone method associated with an image furnace of URN-
2-ZM type operated in different atmosphere in the Moscow
Power Engineering Institute. The original polycrystalline 1. RESULTS AND DISCUSSION
samples were prepared by solid-state reaction of stoichio-
metric amounts of CaC{and MryO,. The primary synthesis
was carried out at=1100 °C during 10 h. Obtained ceram-
ics were grinded, sifted, and compacted by pressing in cylin- The negative sign of the thermopower points out that at
drical feed rods. The final rods sintering was performed atoom temperature all studied single crystals mtgpe semi-
T=1250 °C during 10 h. The single crystals were grown atconductors. Figure 1 presents the temperature dependence of
the rate of 9.5 mm/h. The crystal annealing furnace temperadc resistivity p(T) of the single crystals. The crystal N1
ture in the crystal growth run was about 1000 °C. Immedi-grown in Ar has the greatest value pf The addition of 1%
ately after crystal growing the crystals were annealed afin decreases the resistivity of the crystals grown both in Ar
1000 °C during 3 h additionally with the followed slow and in air. The value of the resistivity at room temperature
cooling. Two crystals were grown in arggN1 and N3, see reported for polycrystalline samples of CaMp@iffers sig-
Table ). Another two crystals were grown in afN2 and nificantly in the literature. It is connected with the deviation
N4). For the crystal N2 grown in Ar and crystal N4 grown in from the oxygen stoichiometry. In nominally stoichiometic
air before the beginning of synthesis, 1% of Mn beyond thecaMnQ; all Mn ions are MA*. The oxygen vacancies in
stoichiometric amount was added in mixture of the reactantscaMnQ, lead to the appearance of Bfnions. Whens=0.5
It was supposed that a crystal lost Mn during growth viain CaMnQ,_ all the Mn ions become trivalefitThe varia-
some evaporation from the melt surface, and the addition ofion of oxygen contents in our samples was achieved by
1% Mn could enhance the manganese stoichiometry. different atmosphere at the crystal growth and by addition of
X-ray-diffraction studies showed the single crystals to bemn in a part of samplegTable l). Because the argon is the
single phase. The parameters of the pseudocubic lattice @éducing atmosphere, it is natural to expect that the amount
the crystals are given in Table I. of oxygen vacancies and, consequently, the amount of donors
The refractive indexn and absorption constalt were  should be larger in crystal N1 grown in argon than in N2
measured by the Beatty method on an automatic ellipsometgjrown in oxidizing air atmosphere. Then, the dc resistivity of
with the angle of incidence of 67° for the light over the the crystals grown in Ar should be less than that of crystals
spectral interval from 0.5 to 5 eV at room temperature withgrown in air. However, the opposite picture is observed. The
errors of 2-4%. The values ofandk were used to calculate crystal N1 grown in Ar has the greatest valuegobver all
the reale;=n?-k? and imaginarye,=2nk parts of the com-  temperature rangéFig. 1). This fact can be understood on
plex permittivity, reflectivityR=[(n—-1)*+k?]/[(n+1)?+k?],  the basis of Ref. 9. Electron microscopy data reported in Ref.
the optical conductivityo=nkw/27, the absorption coeffi- 9 show that wherd is changed from 0 to 0.5 different super-
cienta=2kw/c wherew is the angular frequency of the light structures associated with the oxygen vacancies ordering are
wave. The samples for these measurements had sizes @fserved. Probably, a larger value of the resistivity of the
(3-5x5x5 mm?. Cleavage surfaces and mechanicallycrystal N1 with larger concentration of donors is a result of
polished surfaces were used for ellipsometry measurementtheir stronger localization near ordered vacancies than in the
The surfaces were cleaved along the direction of the crystalrystal N2. The break of monotonous reduction of the dc
growth. resistivity value of CaMn@_; ceramic samples versus oxy-
The absorption and reflection spectra in infrared ranggen vacancies concentratiohwas observed ap=0.16 in
(0.04-0.60 eY were studied using a high-sensitive auto- Ref. 10 and associated with the vacancies ordering. Unex-
matic spectrometer. The thickness of polished plates of thpectedly, the decrease of single-crystal resistivity occurs un-
single crystals was of 35—50m. der the addition of 1% MiFig. 1). Thus the 1% Mn addition
The temperature dependence of dc resistivity was redoes not give the improvement of manganese stoichiometry
corded using the standard four-probe method in the temperdut, additionally, it increases the concentration of*Mions
ture range 77—300 K. The magnetic measurements were caby ~4%).

A. Transport and magnetic properties of CaMnOs_s
single crystals
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The temperature dependence of the dc resistivity othanically polished surfaces. The optical conductivity spec-
CaMnQ;_s single crystals in the temperature rangetrum of all crystals shows the main band of the intensive
80-300 K in coordinates (p) vs (10°/T) is not described interband absorption in the range of 1.0—4.5 eV with two
by linear dependence with single activation energy. How-maxima at 2.2 and 3.1 eV. In the near-IR range there is a
ever, for the crystals N1, N2, N3 there are linear regions incomparatively weak absorption band &0.7 eV. As it is
the dependence (p) vs (1/T)Y* at the temperatures below seen from Fig. 2, the intensity of the main absorption band
130 K that indicates hopping conductivity with variable hop- for the crystal N1 is greater by 25%, and the minimum at
ping length. ~1.0 eV is deeper than for the crystal N2. The addition of

The temperature dependence of the magnetizatlonf 1% Mn results in a small decrease of the intensity of the
CaMnQ,_s single crystals in weak magnetic fie{d00 Og subband at 2.2 eV and a rise of absorption at the energy
has the same behavior M(T) as for CaMnQ ceramic in  below 1.1 eV.

Ref. 11: the rise ofM is observed belowl =125 K. The The mechanical polishing of the crystal surface by the
Curie temperatureT. estimated by the beginning of the diamond powder with the grain size of 0.5—Jufn does not
abrupt magnetization growth coincides for all studied Crys.decrease the intensity of the main absorption band. This fact
tals (see Table)l The crystal grown in Ar has a somewhat agrees with the conclusion of Ref. 12 about insignificant in-
larger value ofTc. The negative paramagnetic Curie tem- fluence of surface preparation manner on the optical spectra
perature for all crystalgTable |) obtained by extrapolation of in the fundamental absorption range for the undoped manga-
Curie-Weiss-type linear dependence of paramagnetic suscepite LaMnG;. So, the spectral profile and the energy position
tibility x(T) [x=C/(T+#6)] in the interval 300—600 K indi- of the main peculiarities oé(E) spectra in the range of the
cates the dominant antiferromagnetiA=M) exchange. The fundamental absorption band do not change significantly
values of the effective magnetic moment of Caan with variation of oxygen vacancies concentratidmand un-
single crystals obtained from the temperature dependence ggr different methods of preparation of mirror surfaces.
paramagnetic susceptibility(T) exceeds the theoretical ~ The higher quality of obtained spectra should be noted in
value upeo=3.87ug (Table )). It indicates the retention of Ccomparison with Ref. 6. The intensity of oufE) is spectra

the ferromagnetic correlations up to 600 K, probably, due tgnore than three times higher thatE) spectra of polycrys-

the clusters with a large magnetic moméspin polarong talline samples in Ref. 6 obtained from reflection spectra
see below. The direct relation between magnitudeEcdind ~ using Kramers-Kronig transformation. Besides, in Ref. 6 the
dc resistivity is absent. Probably, it is connected with strondine structure of the main bangeak at 2.2 ey was not
competition between AFM superexchange and FM doubléevealed.

exchange in nonstoichiometric CaMgpQ. The realey(E) and imaginarye,(E) parts of permittivity

of CaMnQ;_s crystal N1 grown in argon are shown in the
right inset in Fig. 2. The complicated form reflects abnormal
dispersion in the range of strong interband absorption. The
absorption band in the near-IR rangs ~0.7 e\) is best

Let us compare the optical properties of CaMpgsingle  seen ine,(E) spectra than inr(E) spectra. This band is ob-
crystals grown under different conditions. Figure 2 demon-served for all samples. For the crystal N1 the band is re-
strateso(E) spectra of CaMn@ s single crystals grown in Ar  solved better although its intensity is lower than for other
and air and measured both on cleavage surfaces and on meamples.

B. Optical properties of CaMnO5_g in visible and near IR
range, connection with the electronic structure
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FIG. 2. Optical conductivity spectra of the
CaMnO;,_; single crystals with the different sto-
ichiometry at room temperature. The symbols
show theo(E) spectra obtained from the cleavage
surface of crystal Ni(solid circleg, N2 (solid
squarey and N3(open trianglef the dotted line
is the o(E) spectrum for the CaMng, crystal
N1 with the polished surface. The right inset
shows the reat(E) and imaginang,(E) parts of
the permittivity of the crystal N1 obtained from
the cleavage surface. The left inset shows depen-
dence(aE)? vs E for the CaMnQ_; crystal N1.
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The dependence af(E)? versus photon enerdg, where  optical conductivity forG-type AFM CaMnQ were per-
« is absorption coefficients, is shown in the left inset in Fig.formed within the local spin-density approximation
2 for crystal N1 in the absorption band edge region. TheaLSDA).2 As it is seen from Fig. 3, calculation predicts two
linear dependence is evidence that the absorption band edgkearly defined absorption bands with maxima at 1.4 and
is related to direct transitions. The energy of the direct tran3.5 eV. The first(1.4 eV) peak corresponds to the charge-
sitions onset equalsEg=1.55eV. The optical gap of transfer transitions from the @p) band to the Mrtey)! and
CaMnG; preolliacted from the electron structure calculations iSMn(tzg)i bands(see also Ref. 33The second3.5 eV) peak
E,>0.42 eV:* The nature of the band at0.7 eV in the 5 qye to the @p) —Mn(ey)| excitations. Note that the en-

forbidden gap will be considered below. . . . . .
. . ergy interval occupied by the interband absorption in
The electron structure calculations of CaMn@vith o(E)neor iS CloSe 10 that ino(E)q, but the magnitude of

G-type AFM initial state had been performed in Refs. 8, 13, . . :

and 14. The electron configuration of the #nion in  ?(E)ineoriS three times less than that ofE)e, It is seen

CaMnQ; is (t,’e,”), i.e., all gy states are empty, and there- that the low-energy part of(E)e, is shifted as compared

fore the cubic structure is stable. The My electrons are  With a(E)ieor in the direction of high energy by-0.3 eV.

completely polarized. The density of oxygprstates extends Besides, the essential spectral weight is “lost” on the theo-

throughout the region of 7 eV to the bottom of the gap andetical curve in a wide energy range 1.5-3.5 eV.

also appears through the hybridization in the conduction According to analyses of optical conductivity spectra of

bands(see Fig. 3 in Ref. 133 CaMnQ; polycrystalline sampfethe peaks at 3.1 and 6.5 eV
Let us compare the experimental and theoretical spectraere  assigned to @p)-Mn(g)T and Q2p)-

of the optical conductivityFig. 3). The calculations of the Mn(ey)| transitions, respectively. The energy difference be-

35

FIG. 3. Experimental optical conductivity
spectrum (symbolg of the CaMnQ_; single
crystal N1 in the comparison with the theoretical
one(solid line) obtained on the basis LSDA cal-
culation in Ref. 8.

s (10°a" em™
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0.05 OE 0(eV) 015 perature. Such form dR(E) spectra was observed for semi-

: . : : : conductors with low mobility of charge carriers of polaron
type, for example, ferrites and perovskite BaT#® For fer-
rites with dc conductivity 1-1.8Q"tcm™ reflection
spectra were almost independent versus the valueyof
Even when the dc conductivity reacheeR00Qtcmi? in
ferrites and perovskite BaTiChe form of reflection spectra
as a whole remained, the value Rfin nondispersion range
increased, but plasma minimum did not app€arhe simi-
larity of reflection spectra of our crystals aR({E) spectra in
Ref. 15 gives evidence that CaMpQ crystals belong to the
class of semiconductors with low-mobile charge carriers.

Figure 4 demonstrates theoreticB®(E) spectrum of
CaMnQ; calculated by formulas of dispersion analysis in the
model of two independent oscillatots.The frequency of
longitudinal high-frequency phonon modgo=742.7 cm*
needed for further estimation was found by fitting the theo-
retical curveRyeq, to the experimental curvB,,,, Besides,
the following phonon parameters were obtained: the fre-
quency of transverse high-frequency magg=514.6 cm?

0.6 F

0.4

0.2

0.0

500 1000 1500

FIG. 4. Experimental reflection spectrum of CaMp@crystal
N2 grown in air(open circley and the theoretical ondine), the . 3
reflection spectrum of LaMn©single crystal(solid squares at and the damping parametgr1.17x 10 ¢,

room temperature. The inset shows the reflection spectrum for thgpepz:str:}n? iﬁe'?hnef:ce)?e('::tlighélc’ﬁthceam:g“g Si{:"lglgf(}rr]yestglhso?son
CaMnO,_; crystal N1 in the fundamental absorption range.
a5 o1y I . P g close to that of LaMn@ We assume that the phonon spec-

. ) . trum of CaMnQ_; and LaMnQ in the absorption spectrum
tween the second and the first peaks is determined by the MR(E) will begin at the same energy.

d-band exchange splitting-3.0 eV for CaMn@.** In our | et us consider the optical-absorption specréE) of
case the two-p_eak band in energy interval 1.4—4:5 eV W'”t:aMnOs_g single crystals. All CaMn@_; crystals are opague
small energy distance between peaks can be assigned to §4-the middle IR range at room temperature and become
perposition of @2p) —Mn(gy)T and Q2p) —Mn(tyg)| tran-  partially transparent only under cooling. Figure 5 demon-
si_tior_13. The absorption rise ab_ove 4.5_eV is possibly the bestrates absorption spect@E) of CaMnO,_s crystals re-
ginning of the band associated with (Zp)—Mn(&)|  corded at 85 K in comparison with the spectrum of LaMnO
transition. The change of intensity of the peak at 2.2 eVgingle crystal from Ref. 17. The range of transparency of the
perhaps, is associated with the existence ofMions in  crystal N1 is narrower than the one for LaMaGignificant
CaMnQO;_s single crystals. More detailed theoretical calcula-growth of @ in CaMnO,_5 occurs below 0.16 eV and above
tions are necessary for unequivocal interpretation of the comg 3 ey, A comparison between reflection and absorption
plex band. spectra(Figs. 4 and 5 points out that the phonon absorption
of LaMnO; and CaMnQ_; begins below 0.1 eV. Therefore
the absorption rise of CaMnQO; below 0.16 eV is due to
another process, probably to the interaction of light with free
For determination of the conductivity mechanism and pacharge carriers. In the high-energy part of the spectral range,
rameters of phonons of CaMnQ, the reflection spectra the increase of the CaMnQ; absorption coefficient with the
R(E) were studied. As an example, the experimental reflecenergy growth begins at lower energy0.3 e\) than that of
tion spectrum of the crystal N2 measured at room tempera-aMnO; (~0.4 eV). For LaMnG; the indirect band gaf,
ture is shown in Fig. 4. For all crystaR(E) spectra in IR =041 eV at 80 K was determined from the absorption spec-
range are similar: the depth of the minimum before the photrum in Ref. 17. Eor CaMn@ ; the absorption growth at the
non spectrum and the value of the reflection in the rang@nergy above 0.3 eV is not connected with the tail of the
between phonon and fundamental spectra are close. Thgterband absorption. It is proved by estimate of the tempera-
minimum before the phonon spectrum is rather deep, and thgre shift of spectrundE/dT for the crystal N2 grown in air,
nondispersion range is wide. This characteR0E) is simi-  \which was annealed in oxygeRig. 6). The valuedE/dT for
lar to the one for wideband semiconductors with insignificanthis crystal at the absorption coefficient of 1000 ¢énis
concentration of free charge carriers. When the charget.2x 102 eV/K. This magnitude is by an order of value
carriers concentration increases in wideband semiconduct@freater than for the conventional shift of the fundamental
abrupt plasma edge and plasma minimum appear in refleeisorption edge of a semiconductor. Therefore the absorption
tion spectra, and their energy position depends on concentrgpectrum of CaMn@. ;s at E>0.3 eV is associated with the
tion of free charge carriers. In our case dc conductitity)  tail of the band at 0.7 eV revealed by ellipsometry method
of crystals N3 and N4 is rather large, so the charge-carriergFig. 2) and located below the fundamental absorption edge
concentration is great, but plasma edge and plasma minimumg~ 1.55eV.
are absentR(E) curves are close for CaMnQ; crystals with As known, the light interaction with charge carriers domi-
different dc conductivity 0.16—6.2 1cm™ at room tem- nates in a semiconductor in the range between the fundamen-

C. Absorption of CaMnO;_g in middle IR range: Polarons
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1500
1000 |-
“-E FIG. 5. Absorption spectra of the CaMpQ
e single crystals recorded @t=85 K. The numbers
® of the samples at curves correspond to that in
500 L Table I.
0

0.8

tal absorption edge and phonon spectrum. Comparison af the whole IR rangé0.12—1.1 eV. We note that change of
optical properties in this spectral range and dc conductivityoptical absorption as well as that changeogf with oxygen

can give information about the mechanism of conductivity.nonstoichiometry at room temperature is less than at 85 K.
As it is seen from Fig. 5, the crystal N1 with the greatest dc  Now we will consider the evolution of optical absorption
resistivity (the least dc conductivijyhas the least absorption with temperature. The temperature dependence of absorption
coefficient among all the crystals in the energy rangecoefficienta(T) for crystal N1 at the energy of 0.21 eV cor-
0.1-0.6 eV. Except the crystal N2, the absorption coefficientelates with the temperature dependence of dc conductivity
of the crystals at 85 K is more when the dc conductivity is(inset in Fig. 3. Detailed measurement of absorption spectra
more. All crystals are opague at room temperature as a resut different temperatures was performed on crystal N2 grown
of the high density of donor states associated witiFMans,  in air and annealed in oxygen at 800 °C during EFig. 6).
which appear due to the oxygen vacancies. It is in accorAn annealing of crystal in oxidizing atmosphere enhances
dance with rather high value of dc conductivigmall resis- oxygen stoichiometry, decreases the number of oxygen va-
tivity, see Fig. 3. In the range above 0.6 eV this tendency of cancies and, respectively, the donor concentration, and re-
absorption change versug. remains. As follows from ellip- duces the absorption coefficiefstee for comparison Figs. 5
sometry measurements at room temperature, when dc coand 6. In the inset in Fig. 6 the temperature dependence of
ductivity grows the intensity of the band at 0.7 eV di(E) absorption at different energies is demonstrated. As it is seen
spectra increases from 3@5'cmi? for crystal N1 to from Fig. 6, the absorption coefficient rises under heating.
35007 tcm! for crystal N3. Thus there is the same ten- The rate of growtha(T) is stronger in the low-energy range
dency ofo and @ change versus dc conductivity of crystals at 0.14 eV than in the high-energy one at 0.51 eV. It is

1800 |-
1600 |-
1400 |-
1200 |
—~ 1000 . FIG. 6. Absorption spectra of the CaMpQ
e crystal grown in aif(N2) and then annealed inO
5-;' 800 - recorded at different temperatures. The inset
3 shows the temperature dependence of the absorp-
600 - tion coefficient at different energies.
400 |
200 |
0 | | 1 1 1 1 1 |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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clearly seen from the inset in Fig. 6. The energy of 0.14 eVcalization process connected with oxygen vacancies ordering
is related to the range where the interaction of light with freeand, consequently, polaron ordering could decrease the dc
charge carriers occurs. The energy of 0.51 eV belongs to theonductivity.
tail of the band with maximum &=0.7 eV. This different Our data show that at least two mechanisms of conduc-
rate of a growth with temperature will be discussed below. tivity take place: polaron hopping and polaron band conduc-
The typical view of the reflection spectrum for conducting tivity. The rates of absorption rise versus temperature are
materials with polaron conductivity, the correlation of the gitferent near the tail of the polaron batat E=0.51 eV; see
temperature dependences of the band intensity, and dc COfe jnset in Fig. § connected with the polaron hopping and

ductivity allows us to conclude that the band at 0.7 eV is; o5, phonon spectruat E=0.14 e\j where the absorption
associated with low-mobile charge carriers, namely, POyefiects polaron band conductivity. The more abrupt depen-

Ialrons. T(?e p(;)laron bandd hﬁd been predicted for Sf"ghhtlydence ofa(T) at 0.14 eV than at 0.51 eV indicates that the
electron-doped CaMng) and the excitation spectrum of the T : o
spin-lattice polaron had been calculated in Ref. 18. The po_(_:hange of the contribution of the polaron band conductivity

laron spectrum was located at the energy higher thareV. is stronger than that of polaron hopping conductivity in the

However, the authors of Ref. 18 expected a shift of the Specl_emperature range 130180 K. ) )
trum to the lower energy if a bigger number of electronic 1 N€ reason for a weaker change of the intensity of the
states should be used in calculations. 0.7-eV band than dc conductivity with oxygen nonstoichi-

The energy position of the absorption band and connecometry is connected with a different relation of contributions
tion of its intensity with dc conductivity are similar to corre- Of polaron hopping and polaron band conductivity in dc con-
sponding characteristics for the polaron band of rutile ;TiO ductivity and in high-frequencyoptical) conductivity. For
described in classic work8:2°In accordance with the theo- magnetite FgO, dc conductivity has been also explained by
retical consideration of light interaction with small radius the superposition of hopping conductivity and the band con-
lattice polarong? the energy of the polaron band maximum ductivity of the small-radius lattice polardAThe main con-
Emax IS €qual to £, where E, is the activation energy of tribution to dc conductivity below 350 K was connected with
polaron mobility. The value OE,=2E,=Afay is the polaron polaron band conductivity, whereas the optical conductivity
binding energyA is the electron-phonon coupling parameter,in the middle infrared range was determined by the polaron
wp is the limiting phonon frequency. The binding eneifly  hopping conductivity. _ _
is the energy gain obtained by self-trapping of electrons in Magnetic data show that all crystals are antiferromagnetic
the crystal lattice. with weak ferromagnetic contributiosee Sec. Il A. The

The po|ar0n parameters of our CaMf]_@crystaB are de- higher-than-theoretical value of the effective magnetic mo-
termined in the framework of the small-radius polaronment in the paramagnetic range obtained from the paramag-
model. The activation energy of the polaron B, netic susceptibility(Table |) gives evidence for ferromag-
=0.175 eV, the polaron binding energy E5=0.35 eV, the netic correlations caused by oxygen vacan¢iEsiory. The
electron-phonon coupling parameterAs-3.9. For evalua- donor electrons polarize magnetic moments of the nearest
tion of A the foregoing experimental value of=2mcry,was Mn ions and make a contribution in the polaron binding
used, vo= 1 o=742.7 cm! (hwy=0.09 e\}. The value of e€nergy. Thus the polarons discussed above must be spin po-
the polaron binding energl, is in a good accordance with larons. As it has been supposed in Ref. 23, belgwpo-
E,=0.39 eV obtained in Ref. 21 from the photoinduced ab-larons in CaMnQ interact one to another antiferromagneti-
sorption spectrum of CaMnQThis energy has been associ- cally. It is seen from Fig. 6 that peculiariFies in(T) curves
ated with photoinduced holes forming small polarons. Thehear the temperature of the magnetic phase transition
electron-phonon coupling paramet&=3.9 is typical for (~120 K) are absent. Application of the magnetic field up to
small-radius polaron® 8 kOe does not influence the optical absorption of

The width of the absorption band connected with theCaMnQ;_; crystals in the magnetic ordered range. It may be
small polarons can be estimated from the formul@  an evidence of magnetic hardness of polarons.

=8 (Ejiwo/2) for the case of low temperaturds<?wq.2° The following factors influence the spin-lattice polaron
The obtained value ckE=0.7 eV agrees quite well with the formation: localization due to electron-phonon coupling,
experimental width of the absorption ba(fég. 2). oxygen vacancies ordering, and strong competition between

From the maximal intensity of polaron baedE,,,) the ~ AFM superexchange and FM double exchange.
value oy can be estimated according to the formula pointed
out in Ref. 20,

a(Emay) - 4_77 KT ex% Emax) .

Ode NC Epax 4KT

IV. CONCLUSIONS

The study of optical properties of CaMgQ single crys-
tals reveals the fundamental absorption band with two
The estimate gives for the most conductive crystal(W#h maxima at 2.2 and 3.1 eV. The energy of the fundamental
the absorption coefficient=4.8x 10* cmi™* at room tem- absorption edge associated with the direct transitions was
peraturg the o value by an order of magnitude greater thandetermined a&,=1.55 eV. The polaron band at 0.7 eV was
the experimental one. Probably, it means that the dc conduecevealed. The comprehensive investigation of IR absorption,
tivity is determined by not only polaron formation. The lo- electrical resistivity, and magnetic susceptibility indicates
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that the charge carriers in CaMgpQ are spin-lattice po- ACKNOWLEDGMENTS
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