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Effect of synthesis duration on heat and charge
transport in polycrystalline CuCr,,Mg,O,

Magnesium-doped polycrystalline ceramic samples of cooper chromite (1) have been prepared by solid phase
synthesis. Phase composition and crystal structure of synthesis have been investigated by X-ray diffraction.
Microstructure of samples has been investigated by scanning electron microscopy. Thermal conductivity and
electrical conductivity have been measured in the temperature range 78<T<320 K. Significant reduction of
thermal conductivity with an increase of synthesis duration have been observed. This effect was explained by
formation of small amount of MgCr,0O,4 and Cr,0Oz and CuO crystallites operating as effective phonon scatters.
Formation of the MgCr,0, phase is observed in X-ray diffraction patterns and SEM images of the samples
with Mg content higher than 3 at. %. Formation of a small amount of Cr,O3 or CuO phase could be due to
deviation of precursor’s content from stoichiometry. Obtained results open a perspective of thermoelectric
figure of merit enhancement for copper chromite-based material.
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Introduction

Copper chromite (1) is an attractive material due to the unusual composition of its properties. It is
known as quasi two dimensional frustrated magnetic and multiferroic [1, 2]. Simultaneously it is a p-type
semiconductor partially transparent for visible light [3]. It makes it perspective material for optoelectronic
devices [4, 5]. One of the key issues is its low conductivity compared to the best-known n-type transparent
semiconductors such as zinc oxide or indium tin oxide [6, 7]. It has been shown however that conductivity of
copper chromite (I) can be increased several orders of magnitude by doping with group Il elements [8-11].
The mechanism of electron transport and conductivity enhancement by doping is still a subject of research.
The variety of different factors that could affect electron transport makes its investigation relatively difficult.
In particular observations of features in the temperature dependence of conductivity near magnetic (ferroe-
lectric) transition points to the influence of the ordering of magnetic ions on hole transport [8-11]. Most of-
ten copper chromite (1) is synthesized in the form of polycrystalline ceramic or thin films. Polycrystalline
ceramic of magnesium doped copper chromite (I) is usually obtained by heating the mixture of copper,
chromium and magnesium oxides in an oxygen-poor atmosphere for a few tens of hours [9-11]. Such mate-
rial exhibits up to several hundred microvolts per kelvin Seebeck coefficient together with relatively large
conductivity at room temperature [9, 10]. Therefore its conductivity and Seebeck coefficient are investigated
for understanding electron transport and for possible application as thermoelectric material at elevated tem-
peratures [9, 10]. Ceramic material consists of connected crystallites. Electron transport in polycrystalline
ceramic of magnesium-doped copper chromite (1) is affected by point defects such as oxygen vacancies, do-
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pant atoms, contacts between crystallites, fraction of empty space, incorporation of crystallites of other phas-
es. Thermal conductivity of such material is more determined by contacts between crystallites, presence of
other phases and fraction of other phases and is less affected by point defects. Therefore measurement and
analysis of both heat and electric conductivity could help to separate factors determining electron and heat
transport. There is a lack of thermal conductivity measurements in the available literature dedicated to poly-
crystalline copper chromite (1) doped with magnesium.

In the present work, we report the results of the investigation of temperature dependencies of thermal
and electrical conductivity of polycrystalline copper chromite doped with magnesium synthesized during a
different time. Longer synthesis led to an increase in the density of the material. The main objective is to
study the effect of synthesis duration on a microstructure, the phase composition, thermal and electron
transport.

Experimental

Polycrystalline Mg doped copper chromite samples have been synthesized by solid phase method from
a mixture of CuO, Cr,03, and MgO. This mixture has been obtained by thermolysis of nitrates in a liquid
phase solution in NH;NO3. Reaction and details of nitrate thermolysis are presented in [12]. According to X-
ray diffraction data, obtained mixtures were amorphous. The mixtures were annealed at 500-600 °C to dis-
solve the rest of the nitrates. Small traces of CuO have been detected by X-ray diffraction after this anneal-
ing. Then mixtures have been pressed in tablets and annealed for 24 hours or 48 hours at 1080 °C in argon
flow for the final formation of Mg-doped copper chromite (1) and cooled to room temperature. Table 1 pre-
sents the composition and density of obtained samples.

Table 1
Mg content, duration of annealing and density p of some samples, p,is the density of CuCrQO, single crystal

Mg content, at. % Duration of annealing, hours p, g/em® p/po
03 24 2,73(3) 49

' 48 2,97(2) 53

0.6 24 2,85(5) 51

' 48 3,12(3) 56

13 24 3,60(3) 64

' 48 4,05(3) 72

40 24 3,84(5) 69

' 48 4,11(4) 73

Crystal structure and phase composition of obtained tablets have been characterized by X-ray diffrac-
tion. Only the delafossite phase has been detected in the samples with Mg content below 3 at. %. For larger
Mg content small fraction of the spinel phase of MgCr,O, has been detected. Lattice parameters of
delafossite phase vary monotonously with Mg content as shown in Figure 1.
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Figure 1. Dependence of lattice parameters on Mg content: a) parameter a; b) parameter ¢
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Dependence of lattice parameters on Mg content confirms incorporation of Mg in delafossite crystalline
lattice. No significant dependence of lattice parameters on the duration of synthesis has been observed. Den-
sity of all samples increases with an increase in Mg content and duration of annealing.

Microstructure of synthesized samples was studied by electron microscopy. Figures 2 and 3 illustrate
some characteristic SEM images.
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Figure 2. SEM images of the samples annealed 24 hours with
different magnesium content: a) 0.6 at. %; b) 1.3 at %.
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Figure 3. SEM images of the samples with 4 at. % Mg content and
different duration of syntesis a) 24 hours; b) 48 hours.

Crystallites in the samples with larger Mg content look better connected. Fraction of empty space de-
creases with an increase in Mg content under an observed increase in density. A similar tendency was ob-
served with an increase of annealing duration. Fraction of empty space in the samples annealed at 48 hours is
smaller than in the samples annealed at 24 hours. Connection of crystallites looks better in the samples an-
nealed at 48 hours. For the samples with 4 at. % Mg formation of micrometer size MgCr,0, crystallites is
seen in the SEM image (insert in Figure 3b).

For the measurement of thermal conductivity and Seebeck coefficient samples with a rectangular shape
and typical dimensions of 2x2x5 mm have been prepared. Conductivity was measured by the 4-probe meth-
od at constant current. For the measurement of thermal conductivity, one end sample was connected in series
with the copper wire with known thermal conductivity and dimensions. Another end of the sample was
brought into thermal contact with the heater while the other end of the copper wire was brought into thermal
contact with the heat drain. Temperature differences have been measured by thermocouples between 2 points
at the sample and 2 points at the copper wire separated by known distance in steady-state conditions. Then
thermal conductivity was calculated from the ratio of temperature differences.
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Results and Discussion

Figure 4 demonstrates examples of temperature dependencies of thermal conductivity. For the samples
with Mg content below 1.3 at % an enhancement of thermal conductivity was observed with an increase in
Mg content. However, thermal conductivity of the sample with 4 at. % Mg is smaller than heat conductivity
of the sample with 1.3 at. %. An increase of annealing duration from 24 to 48 hours leads to thermal conduc-
tivity reduction for the samples with Mg content from 0.6 to 1.3 at. %.
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Figure 4. Temperature dependencies of thermal conductivity: a) for samples annealed
24 hours with different Mg content: 1 — 0.3 at. %; 2 — 0.6 at. %; 3 — 1.3 at. %; 4 — 4 at. %;
b) for samples with 1.3 at. % Mg content with different duration of annealing: 1- 24 hours; 2 — 48 hours

Temperature dependencies of conductivity of investigated samples are shown in Figure 5.
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Figure 5. Temperature dependencies of conductivity:
a) for samples annealed 24 hours with different Mg content: 1 — 0.3 at. %; 2 — 0.6 at. %; 3 — 1.3 at. %;
b) for samples with 0.6 at. % Mg content with different duration of annealing: 1- 24 hours; 2 — 48 hours

Several orders of magnitude conductivity enhancement have been observed for an increase of Mg con-
tent from 0.3 ar % to 4 at. %. Activation energy of conductivity decreases several times with the same in-
crease of magnesium content. Enhancement of annealing duration from 24 hours to 48 hours leads to a small
decrease of conductivity at room temperature and higher temperatures. At lower temperatures conductivity
of the samples annealed at 48 hours is larger than the conductivity of the samples annealed at 24 hours.

Enhancement of conductivity on Mg content could be one origin of observed variation of the density
and microstructure of the polycrystalline ceramic copper chromite (I). Enhancement of conductivity with Mg
content could lead to an enhancement of the mobility of ions. This, in turn, could lead to a reduction of the
fraction of empty space and improvement of the connection between crystallites.

Enhancement of thermal conductivity with an increase of Mg content from 0.3 to 1.3 at. % can be ex-
plained by improvement of connection between crystallites. Smaller thermal conductivity of the sample with
4 at. % Mg content compared to thermal conductivity of the sample with 1.3 at. % Mg can be explained by
formation of MgCr,0, crystallites operating as effective scatterers of phonons. This suggests the stronger
effect of phonon scattering by these crystallites compared to the improvement of connection between crystal-
lites. Reduction of thermal conductivity with an increase in synthesis duration is in contradiction with an ob-
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served improvement of connection between crystallites. This points to the formation of effective phonon
scatterers, These scatterers could be small crystallites of copper and chromium oxides formed due to devia-
tion of stoichiometry in the mixture of precursors. Other possible phonon scatters are oxygen vacancies
formed during annealing in oxygen deficit atmosphere.

The most probable mechanism of electron transport in polycrystalline copper chromite (1) is the ther-
mally activated hopping of holes [13]. The value of hopping conductivity is essentially determined by energy
dependence of the density of localized states and the value of the density of states near Fermi energy. Densi-
ty of localized states depends in particular on the energy disorder originating from randomly distributed
charged defects and their complexes. Variation of conductivity during annealing from 24 hours to 48 hours
can be explained by formation of oxygen vacancies. Obtained results also show relatively small contribution
of contacts between crystallites to resistivity of material. Relatively small variation of conductivity with an
increase of annealing time together with noticeable reduction of thermal conductivity can be useful for im-
provement of thermoelectric properties of polycrystalline copper chromite (1) and other materials synthesized
in similar way.

Conclusions

The effect of synthesis duration thermal conductivity and conductivity have been studied for Mg-doped
polycrystalline copper chromite (I). Electron microscopy shows that longer synthesis leads to the improve-
ment of connection between crystallites and increase of the density of material. Effect of synthesis duration
from 24 to 48 hours on conductivity is relatively small. This shows that conductivity is not essentially lim-
ited by contacts between crystallites. Significant reduction of thermal conductivity has been observed for
enhancement of synthesis duration from 24 to 48 hours for material with Mg content from 0.6 to 4 at. %.
This points to the formation of effective phonon scatter and can be used for improvement of thermoelectric
properties of Mg-doped copper chromite (1) and polycrystalline materials synthesized in similar way.
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B.A. Kyns06aunnckuit, B.I'. Kyrun, U.E. Kopcakos,
E.E. Kynpusnos, X.T. UcmaunnoB

Cunre3 y3akThirbinbiH CUCK, ,Mg,O,
NMOJTUKPUCTAJBIHAAFBI KbLTY 2KIHE 3apsijl ajMacy yaepicine acepi

Marnnit kocburFaH MbIC (I) XpOMUTIHIH NOJMKPHCTANIB KePaMUKAIbIK YITLIEpi KaTThl (a3alblK CHHTE3
apKpUTBl anbHAbl. CHHTE3[IH (a3anblk KypaMbl MEH KPHUCTAJIBIK KYPBUIBIMBI PEHTIEHIIK IH(PAKIMSIIBIK
Tangay apkeuibl 3epTrengi. CkaHepieynr 3JeKTPOHIBl MHKPOCKON apKbUIBI YATLIEPIiH MUKPOKYPBUIBIMBL
aHbIKTaNABL JKBUTYOTKI3TIITIK MeH 3nekTpeTkisrimTik 78<T<320 K temneparypa auana3oHBIHAA ©IICHI.
CuHTe3 Y3aKTHIFBIHBIH YJIFAIOBIMEH JKBUTy OTKI3TILITIKTIH adTapiblkTaili TemeHzaeyi Oaiikanmran. bynm ocep
MgCr,04, Cr,03 sxone CuO KpUCTAUTUTTEPiHIH a3 MeIIepae Ty3ilyiMeH TYCIHIipiieai )KoHe oJap THIMI
(OHOH/IBIK IMIAIIBIPATKBIII PETiHIE SpeKeT kacaymsl Oombin Tabsutansl. MgCr,O4 dazaceHbly TY3UTyi Mg
Memmepi 3 ar-%. XKoFapsl YATiIepAiH peHTreHorpammanapsl MeH COM keckinzepinne Oaiikamanpl. Cr,Og
HeMece CuO (a3achHBIH a3 MOJIIEPIHiH TY31Iyl IpeKypcopiiap KypaMbIHBIH CTEXHOMETPHUSIaH aybITKYbIMEH
GaitIaHBICTEl OOJTYBl MYMKIH. AJIBIHFAH HOTHIKENIEP MBIC XPOMHT HETi3iHIerl MaTepHalablH TepPMOAJIEKTPIIIK
KACHETiH apTThIPY NEPCIIEKTHBACKHIH aIlla/Ibl.

Kinm ce30ep. TepMORIEKTPIIIK THIMALTIK, MBIC XPOMHTI, CHHTE3 Y3aKTBIFbI, )KBUTyOTKI3TIITIH TOMEHACYI.

B.A. Kyne6aunackuii, B.I'. Kyrun, 1.E. Kopcakos,
E.E. Kynpussos, XK.T. UcmaunoB

BiusiHue Mpoao/sKNTEIbHOCTH CHHTE3a HA MePeHoC TeIia | 3apsjaa
B nojmkpucrammuecknx CuCr,,Mg,O,

MeTtonoM TBepA0(A3HOTO CHHTE3a MOTyYeHbI OIMKPUCTATIINYECKHE KepaMUUECKIe 00pasiibl XpOMUTA MEH
(I), nerupoBaHHBIC MarHueM. MeTOJOM PEHTTEHOCTPYKTYPHOTO aHajin3a HCCIIef0BaHbl (ha3oBbIi COCTaB M
KpUCTAINYECKas CTPYKTypa CHHTe3a. MHUKpOCTPYKTypa 00pa3sloB HCCIEZIOBaHA METOIOM CKaHHPYHOIIeH
JNEKTPOHHOW MHKPOCKONHUH. TerIonpoBOIHOCTh M AJIEKTPOIPOBOJAHOCTE U3MEPSUINCh B MHTEpBAjle TeMIIe-
paryp 78<T<320 K. Habnroanoch 3HauMTENIbHOE CHIDKEHUE TETUIONPOBOAHOCTH C YBEITMYCHHEM NPOIODKHU-
TEIBHOCTH CHUHTE3a. DTOT 3(¢deKT Obl1 00bsICHEH 00pa3oBaHHEM HEOONBIIOr0 KOJMYECTBA KPHCTAIIUTOB
MgCr,0O4 u Cr,O3 u CuO, neiictByronmx kak 3¢ ¢eKTuBHBIE paccenBaTeny GoHOHOB. OOpa3oBaHue (a3l
MgCr,0, Habmonaercst Ha peHTreHorpaMMax 1 COM-u300pakeHHUsAX 00pas3IoB ¢ coaepkanneM Mg Oornee 3
aT. %. O6pazoBanue Hebompmoro komnaectsa (assl Cr,Oz mm CuO MoxkeT OBITH CBA3aHO C OTKIOHEHHEM
CoZiepKaHMsl TIPeKypcopa OT CTeXHOMETpHHU. [1onydeHHbIe Pe3ysbTaThl OTKPHIBAIOT MEPCIIEKTUBY ITOBBIIIIC-
HHS TEPMOAJIEKTPpHUIECKOi 3 (HeKTHBHOCTH MaTepHata Ha OCHOBE XPOMHTA ME/IH.

Knrouesvle cnosa: TCPMOIJICKTPUICCKasd S(bd)eKTI/IBHOCTL, XpOMUT MEOU, IPOAOJIKUTECIIBHOCTh CUHTE3a, CHHU-
KEHUEC TCIJIONMPOBOJHOCTHU.
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