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Mn1 56C0y oNig 404 Spinel was sputter deposited using a series of oxygen partial pressures.
Electrical resistivity versus temperature and thermopower versus temperature measurements at each
oxygen partial pressure were made. The variations of the thermopower and resistivity with oxygen
partial pressure are consistent with a change in the ratio 3f Mrvin** cations, which occurs due

to changes of oxygen content of the material. The weak temperature dependence of the
thermopower indicates small polaron hopping is the charge transport mechanism. Combining the
models of Mott and Schnakenberg to analyze the transport data, we find that the Debye temperature
(or frequency is an increasing function of the oxygen partial pressure used during sputtering. The
calculated shift in the Debye frequency from the resistivity is consistent with the observed shift in
the fundamental infrared active lattice vibrations from Fourier transform infrared spectroscopy and
Raman spectroscopy. @999 American Institute of Physids$§0021-897@9)04913-(

. INTRODUCTION: THERMOPOWER AND POLARON Q=(k/e)(In(N/n)+$S), 1)

CONDUCTIVITY
wheren is the carrier concentration which may be tempera-

Mn-Co-Ni-O spinel, owing to its large temperature de- ture dependenty is the limiting value of that concentration,
pendent resistivity, is an attractive ternary system for therandSis an entropy term which is usually very small and is
mistor applications, and for infrared detecting bolometersneglected. If that concentration is thermally activated and
The materials resistivity can be changed by altering the relan=N exp(—Eg/kT) then
tive contents of the metallic species, producing a range of _
spinel structured solid solutions. MLy odNig.4dO4 IS a Q=(K/e)(Es/kT+A), @
composition of some specific importance because it is verywhere Eg is the thermopower activation energy aAds a
near the resistivity minimum for the ternary oxitle. constant which depends on the scattering mechanism, and is

The objectives of this study are as follow4) Charac- usually between 1 and %In a band gap semiconductdgg
terize the transport properties, specifically, thermopower ane: E-— E¢ if the material isn type wheree is negative, and if
resistivity versus temperature, when the oxygen content g type Ec=Eg— E, whereeis positive.Ec, Ey, andEg are
this material is varied. The oxygen content is varied by sputthe energies of the conduction band, valence band, and Fermi
ter depositing the material in a series of oxygen partial prestevel.
sures.(2) Identify the transport mechanism of the sputtered  Small polaron carriers have a temperature dependent
films of varying stoichiometry(3) Rationalize our method of concentration which goes %s
analysis and interpretation by observing the shift of infrared
restr)f:lhlen bands arl)nd Ramanyactive Iatt?ce vibrations with the Np~(COSHES/2KT)) " @)
oxygen partial pressure during the deposition process. Thequation(3) predicts that the polaron concentration should
theory connecting thermopower, resistivity and the Debyehecome temperature independent at high temperature.
temperature is introduced below. We relate the theory to our  Many oxides display thermally activated conduction

oxide in this section, as well. o with activation energies much smaller than their band gaps.
The thermopovger of a semiconductor is given by theThese oxides have temperature dependent resistivities often
general expressign due to the thermally activated hopping of small polarons

between states that are localized about cation sites of mixed
; +
dAuthor to whom correspondence should be addressed; Electronic maiyal"_’mce- _SyStemS where the ratio of #nand .Mrﬁ are
rdannen314@aol.com varied with a second dopant have been studied, and when
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conduction occurs by hopping of small polarons betweerthe activation energy to the smaller valWgg . The polaron
Mn3* and Mrf" sites, the relation between the concentra-then behaves as a nearly free carrier with a large effective

tions[Mn**], [Mn®*] and thermopower is mass, essentially because at low temperatures it is no longer
3t hopping, but is tunneling between hopping siteguiva-
1[Mn°"] : : .
Q=(kle)In| = ———+=|. (4) lently, tunneling from one localized state into anojhétor
B [Mn™"] T~ 6p, there is a transition in the value W, which follows

In Eq. (4), B=5/4, and is a spin degeneracy factdiote @ relationship due to Schnakenbéry,

that this is not dependent on temperature, since at sufficiently W,, tanh( 85/4T)
high temperature, the number of carriers is fixed by the WHHW )
H D
chemistry.
The transport in Mn-Co-Ni-O spinel is believed to af- which is approximately
: N :
fected most by the ratio of the Mh and Mrf*. A cation Wiy Wi (1= X(6p/4T)2). ®)

distribution proposed by Yokoyama for stoichiometric Mn-
Co-Ni-O spinel is shown in Eqg5)® Plots of InE/T) vs 1IT are expected to be linear at high
2 o temperature with slop&V,,; at intermediate temperatures
[CO™ 116MN™" 11 16] these plots should have a slight negative second derivative,
X [Ni2*;_xCO*" g gaxMN** 1 _yMn3"; 16]10%,. (5) and at temperature§<6p should essentially have zero
N B _ _ slope. Equation§8) and(9) are most meaningful at the onset
The composition of the specific oxide under study iSqf the transition at intermediate temperatures, where the de-
very close to Eq(5) whenX=0.48. That is, the sum of the \jation from 17T linearity is just beginning. In this study, the
subscripts of the Co is 0.96 in our oxide, and is also in Eqyata of highest precision is in this region, and it is this region
(5) whenX=0.48. Also, the subscript sums of the Mn and Ni ¢ emperatures which can be used diagnostically to deter-

in our oxide vary only slightly from Eq(5) whenX=0.48.  ine the Debye temperature from the resistivity versus tem-
Let us adjust Yokoyama’s distribution to fit more closely perature dependence.

to our own by slightly adjusting the Rliconcentration and
the M** and Mrf*concentration, but, leaving the total Co -
concentration unaltere@ince Co in both is 0.96while pre- Wh(T) Wp Es

serving charge balance and site balance. The result is In(p/T)=In(po/T) ©

These ideas are contained in the expression

kT 2kT kT’

[CO** o ssMN2* o 44d Trjais ii ”/'fl'_a tXeTg)f_tferr]] us.e?] ehmpi(;ic:?\(!I fit iolg Ct(fgrmistc:)rs,;ln
. =Ay+ + if the right hand side of Eq(8) is substi-
2 4 3 2— 1 3
X[NI®" 0,46C0™" 0.40MN*" 0.48MN*0,6310% 4 6) tuted for Wy(T), except each term now has physical

and so the composition under study would have slightlymeaning:® The author is unaware at this time of any previ-
more Mr** than M, placing it in thep regime. To wit, 0OuUS discussions on the physical significance of this fit. There
[Mn®*]/[Mn*"]=0.637/0.486-1.32, and by Eq(4), should have been many fits developed for putting smooth lines
give a thermopower of+24uV/K. The measured ther- through thermistor resistivity versus temperature data with
mopower for the target bulk ceramic is, in fact, about 30n0 physical basis?*?

uV/K. Thus, the stoichiometric material is right at the edge ~ The important diagnostic relation from E) is that

of the p to n transition, since the argument of the natural logW + (1/2)Wp=E,— Eg whereE,is the slope of the In{T)

in Eq. (4) is equal to 1.06. Slightly more M and the Vs 17T plot. Comparing Eqs2) and(9), if E,>Egit may be
argument of Eq.4) will be less than one, resulting in a concluded that transport is by small polaron hopping.

negative thermopower, on-type behavior. If the material ~ The conductivity pre-exponential is given by a diffu-
becomes sufficiently super stoichiometric in oxygen, thesional expressiofiNernst—Einsteipand is

Mn#* cp_ncentration should rise and the material shoul_d show ¢ Ne?d2c(1—c)vp

a transition fromp-type (Q>0) to n-type (Q<0) behavior. —=0g= , (10

Therefore, this specific composition is useful for probing the Po KT
effects of processing on the chemistry of reactively sputteresvhere Nc is the concentration of carriersy(1—c) is the
material, and as a further test of Yokoyama’s conclusfons. concentration of vacant sites onto which the carriers may
For small polarons, it is thenobility that is thermally  hop, N is the total concentration of sites participating in the
activated at high temperatures, not the density of polarongiopping,eis the electronic charge,is the jump distance;p
which is fixed by the chemistry. The resistivity of small po- is the jump attempt frequency and is usually associated with
larons has different limiting functional forms, dependent onthe Debye frequency.For this systemNc=[Mn®"] and
the temperature. For the small polaron resistiyityn a plot ~ N(1—c)=[Mn*"].
of In(p/T) vs 1T for T> 0y (whered, is the Debye tempera- To summarize, iE,>Eg, this indicates a small polaron
ture) the resistivity activation energgor slopg is E, =W, hopping mechanism. IEg appears to go to zero at high
+(12)Wp+Eg. Wy=(1/2)Wp-Wp. W; is the potential temperatures in a plot of the thermopower versus tempera-
well depth in which the polaron is self-trapped due to itsture, this means that the small polaron concentration has
distortion of the latticeW,, is the spacing between localized saturated. At low temperatures, the slope of the resistivity
energy levels in its defect “band” as derived by M&tAt gives Wp+Eg, and if this is zero, theWy is zero at all
high temperatures)V,,>W . ForT<#6p, there is a drop in temperatures. If the zero slope is not observed at low tem-
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FIG. 1. Thermopower as a function of temperaturel(;L{) for samples sputtered in six different oxygen partial pressures. The dotted line i@ sbauld
vary if E,=Eg indicating thatE,>Eg and the carriers are small polarons. Oxygen partial pressures of 0, 0.16, 0.4, 0.8, 1.6, and 4 mTorr are shown in
descending order.

perature, therE, (low T)—Eg(low T)=W,. If the ther- partial pressure during deposition, and so could not be used
mopower cannot be measured at sufficiently low temperadiagnostically to determine the oxygen content in the films.
ture, thenWp cannot separate. TypicalWy<W, in the  The measured variation of the metal content in the films was

intermediate and high temperature regimes. too small to account for the large changes in thermopower.
1 oy T
—_— T T = 4
Il. FILM DEPOSITION, PHASE COMPOSITION, AND M
METAL CONTENT 8 ]

Films were sputtered in 0, 0.16, 0.4, 0.8, 1.6, and 4
mTorr oxygen partial pressures onto insulating steatite por-
celain substrates, with 4 mTorr corresponding to a partial
pressure of 10% of oxygen. The total A©, pressure was
40 mTorr for all cases. Details of the deposition process have B e i i —
been published earlier by Baliga, Jain, and ZachovSky>
Films were deposited by rf magnetron sputtering using a

sintered ceramic target. 04 '
X-ray diffraction (XRD) showed the target material to be 0 2 +
single-phase cubic spinel with 56% Mn, 32% Co, and 16% Oxygen Pressure (mTorrn)

Ni. Films were also observed to be a single-phase spinekig. 2. Thermopower activation energy vs oxygen partial pressure. The
X-ray energy dispersive spectroscopy showed, for all filmsyalues are shown as negative to indicate the slope of the thermopower vs
that the metallic composition varied by less than 2% from1/Tmod- The dotted line at 0.3 eV is the activation energy for conduction.
the target for each species. Both the lattice constgugs— '€ first wo data points are-type (9=0). The remainingn-type (Q
8.42 A) d th it f th tals in the fil did <0) samples show an increaseHg w_|th oxygen partial pressure at lower

. and the composition or the metals In the Tims ald emperatures. The solid and dotted lines are from two measurements of the
not show trends which could be associated with the oxygeBame sample, which shows the repeatability of the measurement.
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IIl. TRANSPORT MEASUREMENTS L aT 1L
AVIJ Q(T(X))&dX%ATEf Q(T(x))dx=AT- Qgaye
0 0

11

A. Measurement of thermopower

Gold contacts were evaporated onto the specimens, de-
lineatig a 5 mm by 5 mm‘active” area. One side of the
specimen was heated on a hot plétee hot side or directly where the approximation results from assuming that the tem-
heated sidg while the other side was in contact with a large perature gradient is linear across the active area with a con-
metallic heat sink(the cold side or indirectly heated side stant slopeAT/L with AT=T.y4— Thot- Thot and Te g are
Data were collected as both sides cooled, approaching thge temperatures of the hot side and cold sides. Equé2ion
same temperature. The temperature gradient was measureith the temperatures replaced by the linearly varying form
using two contact thermocouples at the boundaries of thd(x)=T-+(AT/L)x givesQ(T(x)), and when this is substi-
evaporated gold contact electrode and active areas. Poititted into the integral of Eq11) for the Q,, We find
probes at the boundaries were used to measure the voltage.

The voltage was amplified by a factor of 100 with a properly Es AT
calibrated, zeroed, linear amplifier. Qa\,e=(k/e)(mln( 1+T—) +A). (12

The temperature difference across the specimens was as hot
high as 100 °C for the highest temperatures measured, and
20°C was roughly the lowest. The large gradient was re- If T, is sufficiently larger tham .4 then Q= S, and
quired to generate a measurable thermoelectric voltage, pré&fT,,. is numerically equal to IN(AT/T,,)/AT. We will
sumably owing to the low mass of the films. Generally, tem-call this product I¥ ,,.q. This treatment shows that the ther-
perature gradients as low as 5°C produce significanmopower activation energy can be determined from knowing
thermoelectric voltages in bulk samples. The effect of aQ,.and 1T ,,qWith a fairly large gradient. Knowin&s, A,
fairly large temperature gradient on the calculated therand with 1T, numerically equal to I7,., plots ofQ VS
mopower must be evaluated, as we are trying to find the/T .4 [Eq. (12)] are numerically identical to plots @ vs
thermopower as a function of temperature. Consi@r 1/T [Eqg.(2)]. An additional advantage of a large temperature
=AV/AT being reported at the average temperatiiige. difference is that the signal is unlikely to be dominated by
S(T,e iS an approximation to the true thermopow@(T). amplifier dc offset drifts.

From the definition of the thermopower, we have the ther-  There was no measurable thermoelectric voltage using
movoltage for a thermal gradient that is position dependenthe uncoated steatite substrates with gold contacts, and no
over a lengthL change in the film resistivity before and after the ther-
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FIG. 4. The Inp/T) vs 1IT plots of high precision resistivity-temperature data between 300 and 525 K, for 0, 0.16, 0.8, 0.8, 1.6, and 4 mTorr oxygen partial
pressure, in descending order. The straight lines show the deviation from linearity at lower temperatures, and more linear fit at higher temperatures. The region
at 1/T>0.0026 K was used to calculate Table I.

mopower measurements. Probing the temperature along thperature controller. Equilibrium temperatures could be
length of the specimen showed that the temperature gradientached by a combination of controlling the area of thermal

was approximately linear. contact of the nitrogen to the finger and/or with the control-
ler.

o For the resistivity measurement between 300 and 525 K,

B. Measurement of resistivity specimens with active area of 5 mm by 5 mm were sus-

The material resistivity varies by six orders of magnitudepended in florinert electronic fluid. This was done to prevent
over the temperature range from 77 to 320 K. To keep the@xygen evolution of the sample, to provide a large mass so
resistance below 26, which is the range of the electrom- that the data could be taken under near equilibrium condi-
eter used for the measurement, the specimens of the thefons, and to reduce temperature gradients. Resistance versus
mopower measurement were modified. Insteba d mm by  temperature data was taken on cooling to room temperature
5 mm active areaa 5 mm by 25um area was used. The 25 rom 525 K over a 14 h period by an automated data acqui-
pm long strip was made by stretching a2t diam bonding  gjtion system, collecting 500 data points per run. Tempera-

ltqlre was measured with a low mass, calibrated thermocouple

evaporation. This resulted in a precisely defined active are?roating in the fluid about 2 mm from the specimen active
Samples were mounted on a cold finger in a vacuum

dewar, evacuated to less thanuBn pressure. A two-point area. Again, reversal of the polarity of the ohmmeter resulted

method was used to measure the resistance, and reversing fid'© Measurable difference, and there was no difference in
polarity at the electrometer resulted in no measurable differt® data from run to run on the same specimen. o
ences, indicating that thermoelectric effects did not contrib-  Resistance measurements were converted to resistivity
ute. The temperature was measured with a precision calWith knowledge of the active area defined by the masking
brated silicon diode sensor. The diode was mountedProcedure when the gold was evaporated, and by measure-
permanently next to the specimen on the cold finger. Aftemment of the film thickness. A calibrated JEOL T-200 scan-
pouring liquid nitrogen into the dewar and reaching 77 K, thening electron microscope was used to measure the film thick-
sample temperature could be programmed with a digital temness, which ranged from 2 to 8m.

Downloaded 06 Apr 2013 to 129.186.176.91. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Dannenberg et al. 519

30 T T T T g T T
0.0
0]
g o~
-~
5+ .o 016
o .-
a
-~ a e - 0-8 A
oF . o
=l o . % g O]
£ - o g i
T - ATl B o
[] R - B .7
E « ¢ B- g ® /
i e o 5 1.6
o 5[ o 8T & 4.0 7
et - o L
o g,o f:g’,)d
=B 0 . g -
E 9" .° w‘y'
- 10~ a T e - -
o 'OJ-E‘“%-#
- .o P
P . A .o ’ch’./
RN 2 o
RV -
5k LT e -
-, ..-ﬂ"'// ’
e T
:‘- L
«/:'_f
0 - ] 1 ] 1 ] 1
02 022 024 026 028 03 032 034

(1’,_'_)114 [1IK)1M

FIG. 5. Fit of low temperature data to tAe ¥* VRH law for five oxygen partial pressures. If the law were obeyed the fit would be linear.

IV. THERMOPOWER AND RESISTIVITY RESULTS ture dependence appears to go to zero at higher temperatures,

A. Thermopower which may indicate a saturating polaron denSity.

SinceEg does not contain the polaron term, i)t does,
then if E,>Eg, conduction is due to polarons, and this has
been observed in MnO, CoO, and many substituted manga- Figures 3 and 4 show the characteristics of the small
nates, although the results are more controversial forNiO. polaron carrier: more linear behavior at higher temperatures,

Evidence of the small polaron carrier in this material isfollowed by a deviation in nonlinearity with a negative sec-
given in Fig. 1.E,>Eg at all the temperatures measured. In ond derivative, and the activation ener@ope approaching
addition, it is seen that the samples sputtered on 0 througha small value at low temperature. Since the slope is nonzero
0.4 mTorr oxygen partial pressures @rg/pe, and the higher at low temperatures and we do not have the ability to mea-
partial pressures ara type. The higher density data was sure the thermopower to low temperaturéé; cannot be
taken in a range of average temperature between 30 ardkconvoluted in this study.

120 °C to prevent oxygen evolution in or out of the sample.  As of this writing, the author has been unable to repro-
The measurement was carried out in air witfig, tempera-  duce theT~# behavior observed by Bagliat al. at low

ture under 140 °C for the 0 and 0.16 mTorr specimens sincéemperature as demonstrated by the fits of Figs. 5 and 6
they can change resistivity by a factor of abet20% in air ~ which are poor for that mechanism, and also ffe'/?
within 1 min at 220 °C. The four higher oxygen partial pres- mechanisnt:*° These as-deposited films at high temperatures
sure samples do not evolve as quickly, and so the measurare not variable range hoppinyRH) as demonstrated by
ment could be extended to an average temperature of abotlite thermopower temperature dependence, which is very
200 °C. There was no measurable change in resistivity aftesmall. Ni,Fe;_,O, with x>0.4 is an example that obeys the
the measurement for any of the specimens. T ** law at low temperaturé20—100 K, but has a very

A slight negative slope is seen to develop in the samplesemperature dependent thermopower in that same r&nge.
sputtered in the higher oxygen partial pressures in these fig- The low temperature mechanism in as-deposited films
ures, at lower temperatures. If the slope/drop-off were due toeported by Baliga and Jain may not have been variable
an activation term, then positive thermopowers should haveange hopping, but the fit was good enough that it could not
positive slope, and negative thermopowers should havee discounted® Further work or reinterpretation is needed to
negative slopé-* The threep-type (Q>0) specimens have resolve this discrepancy. Low temperature thermopower
negligible slope. The threa types Q<0) have negative measurements would shed some light.
slopes that increase with oxygen partial pressure, but which  Using Eqgs.(7) and (9), the thermopower activation en-
are less than 0.2, in all caseqFig. 2). Also, the tempera- ergies Eg, the resistivity data of Fig. 4 for T/

B. Resistivity data 77 to 525 K
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FIG. 6. Fit of the low temperature data to tlie*/? law for five oxygen partial pressures. If the law were obeyed the fit would be linear.

>0.0026 K1, and assuming thatVy is small, the Debye The Raman spectra of Fig. 7 were collected on a Nicolet

temperature and polaron activation eneWfy can be calcu- 960 FT-Raman spectrometer under the following conditions:

lated. This region of temperature is used because resistivit{l) 4 W laser power at the samplg) 512 sample scans3)

and thermopower data exist for all specimens, and, the ons@tcm * resolution, and4) Ge detector. The collection time

of the resistivity versus T/ curvature begins here. The right was 13 min per sample. The Fourier transform infrared

hand side of Eq(7) is substituted foW,(T) in Eq. (9). (FTIR) reflections of Fig. 8 were performed on a Nicolet 550
The results are summarized in Table I. The trends in thé-TIR.

pre-exponent and activation energy persist whether the ther- Note from Table Il that the restrahlen peaks from FTIR

mopower activation energy is included or not, althoughreflection, and Raman peaks shift to higher wave nunier

somewhat more noisily, Table II. frequency with increasing oxygen partial pressure. Note that
the Debye temperatur@r frequency also shifts to higher

V. RAMAN SPECTRA AND FOURIER TRANSFORM values with oxygen partial pressure.

INFRARED (FTIR) SPECTROSCOPY

REFLECTANCE MEASUREMENTS VI. DISCUSSION

Optical specimens were prepared by sputtering under Carriers are small polarons as evidenced (iy:weakly
conditions similar to those already described, onto doublyjiemperature dependent thermopower quantifiedEg%E,, .
polished silicon substrates 23bn thick. (2) A resistivity versus temperature relation which shows an

approach to temperature independence at low temperature

TABLE I. Results of curve fitting Eq49) and(7) to the data in Fig. 4 in the
region where I1>0.0026 K to resolve thed, . ThermopoweR is from TABLE II. Results of curve fitting Eqs(7) and (9) to the entire region of
the temperature independent regions. The right hand side of7Ets sub- data between 300 and 525 (Rig. 4) assuminges=0. ThermopoweR is

stituted forWy(T) in Eqg. (9). from the temperature independent regions.
IN(po /T) Carrier In(po /T) Carrier

Es(eV) Wy (eV) 6p (K) (Qecm/K) Q(uV/K)  type Es(eV) Wy (eV) 6p (K) (Qem/K) Q(uV/K)  type
0 mTorr 0 0.372 552 —10.55 264 P 0 mTorr 0 0.389 610 -—11.162 264 P
0.16 mTorr 0 0.372 619 -11.193 120 P 0.16 mTorr 0 0.387 664 —11.556 120 P
0.4 mTorr 0 0.362 625 —11.384 64 P 0.4 mTorr 0 0.387 689 —11.885 64 P
0.8 mTorr  0.034 0.292 635 -10.821 —95 N 0.8 mTorr 0 0.347 668 —11.199 -95 N
1.6 mTorr  0.05 0.282 681 -11.145 -—115 N 1.6 mTorr 0 0.345 669 —11.442 -115 N
4 mTorr 0.08 0.256 741 -11.313 -128 N 4 mTorr 0 0.352 695 -—-11.877 —128 N
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o
i

FIG. 7. Raman spectra of the oxygen
partial pressure series 0, 0.16, 0.8, 1.6,
4 mTorr shown in descending order.
Note shift of peaks to higher wave
number from top to bottom with in-
creasing oxygen. Data are spaced for
clarity.

e
b

Intensity (unitless)

Raman Shift (1/cm)

and an approach to exponential behavior at high temperature. The consistency of the measurements of the ther-
(3) Poor fits to theT 2 or T~ 4 variable range hopping mopower and resistivity pre-exponential can be compared by
laws. computing the value o€(1—c) from each. Figure 9 com-

It is expected that since the films retain the spinel strucputed from the data of Table I, shows at least a qualitative
ture, the ratio of MA" to Mn** will decrease on passing correspondence. Figure 10 shows the values ad (1
through a range of stoichiometries, from oxygen substoichi—_c) whose product is interpolated to give the peak in the
ometry to superstoichiometry, since a higher average meta[:—(l_c) curve fromQ in Fig. 9.
lic oxidation state will be required for charge balance. Thisis = 114 valuec(1—c) is calculated from the flat regions of
sufficient to_elxplain the EE;]Qe on the sign@fwith the the thermopower. For(1—c) from the pre-exponential, re-
oxygen partial pressure, ' . . call the pre-exponent is/T=(e?Nc(1—c)vpd?/k) 1,

Note from Table | and Table Il that there is a rapid drOpWhich is the product of the carrier containing sitg@nd the

in the activation energy at the transition froptype to . .
n-type behavior which the thermopower activation energyempt%/ sites (1—c?,hthe_ Deb(;j/_e freguené:ﬁrl:mp frelqur?nc_)/ |
cannot account for. This can be understood by the “crowd-'D’ the square of the jump distandeand the usual physica

ing” of the fixed concentration of hopping sites (®in constantsN=[Mn®*]+[Mn*"] is the sum of the concentra-

+Mn*) by electrons when the materialpdype. This leads tions of the species of mixed valence=[Mn®"]/N and 1

to greater activation energies for hopping due to increased ¢=[Mn*"1/N. o
electron-electron repulsion, and has been concluded in other The Debye frequency is given by the Debye temperature

oxides!’ As the concentration of MH increases with oxy- and this changes as a function of oxygen partial pressure.
gen superstoichiometry, the concentration of “empty” sitesThe density of octahedrally coordinated hopping sht&s;
increases, there is less electron-electron repulsion, and lower16/a3 where the lattice constar,~8.35 A and for the
activation energy ensues. Why the activation energy changeurposes of this estimation, is nearly constaht,Ny 2.
should be as rapid as it is at tipen transition is not clear.  Sincec(1—c) was calculated from the thermopower assum-
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FIG. 8. IR reflection0 to 1) data showing maxima and minima between 400 and 700 cwhich are caused by IR active vibrations. Thickness fringes occur
greater than 700 cnt. Restrahlen peaks occur near 490 and 630%ciNote the shift to higher wave number with increasing oxygen.
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TABLE lll. Restrahlen and Raman maxima trend with oxygen partial pres- & 1 T T T T T T T T T
sure during sputtering of films from FTIR data and Debye temperature from g \
the Schnakenberg relatiodl andV2 are the IR vibrations visible in Fig. 8 e q\ P Lreemmmmm 1 :c """""""
andR1 andR2 are the two highest energy Raman shifts of Fig. 7. : \ !
Qo5 h -
Viem?! v2 cm?2 RL em? R2 cmt 6p (K)? = Q,‘ \ c
0 mTorr 613 469 641.7 517.3 552 -‘% kd
0.16 mTorr 616 476 643.7 520.5 619 o ¢ £ ! 1 ! ! L L L L !
0.4 mTorr ] 625 0 04 08 12 16 2 24 28 32 36 4
0.8 mTorr 620 476 651.1 533 635 Oxygen Pressure (mTorr)
1.6 mTorr 623 482 652.8 533.6 681
4 mTorr 623 491 653 533-540 741 FIG. 10. Thec and (1-c) computed from the thermopow€y of Table I.

3Data from Table .

sure as computed from the resistivity, is that both the observ-

. . . . able Raman active vibrations and infrar@R) active vibra-
ing hopping between only one set of multivalent catiods, . . . : .

g hopping y tions (restrahlen peaks in reflectipnshift to higher

given from Eq.(6) will be assumed for calculation af(1 frequencies with oxvaen partial pressure. This suagests that
—c) from the pre-exponent=(0.48+0.637N,/2. These quencies with oxygen partial pressure. 1nis sugg
s this oxide passes from sub-stoichiometric in oxygen to

results are shown in Fig. 9 where it can be seen that the droz)u er stoichiometric in oxygen, the lattice stiffens, since the
at thep to n transition is preserved, and, the two values areDeFl)J e temperature is an ?lngdicéltor of the lattice st’iffness
approaching each other. y P '

Although the agreement is not perfect, there is qualita-
tive agreement in that at theto n transition, which happens VIl CONCLUSIONS
between 0.4 to 0.8 mTorr, botle(1—c) and the pre- We conclude:

exponent decrease. This happens because at the transition, (1) yokoyama’s conclusion that M and Mrf* should

c/(1—c) goes from greater to less than unity@goes from  pe the multivalent cation influencing the transport properties
positive to negative, and(1—c) is a maxima, since the s sypported by this study.

concentration equals the concentration of vacant siteartial pressure during sputtering due to a gradual change

[Mn®"]=[Mn*"]. from an oxygen sub-stoichiometric state to a super-
An estimate of the polaron mobility provides evidence gipichiometric state, which causes the ratio oo Mn**

that stoichiometric material is made by sputtering someyy decrease. Since energy dispersive spectros¢EDS

where between 0.16 to 0.8 mTorr oxygen partial pressurespows that the relative concentrations of the transition metals

According to Yokoyama, the thermopower for a stoichio-inyolved vary by less than 2% from the target composition in

metric composition of this material @~25 uV/K. Linearly | cases, and XRD shows all films are single phase spinel,
interpolating the data for the sputtered samples, this corrghe effect is due to oxidation.

sponds to an oxygen partial pressure~d.4—0.6 mTorr. At (3) Transport is by small polaron hopping.
~1000 2 cm. Using Eq.(5) with X=0.5, and that ((1 yilizing large temperature differences, produces mobility

—X)/2)Nog is the density of MA" “holes” with 8,=8.35  ang thermopower results that are consistent with published
A, the hole mobility we calculate to be~1u cm?V's. This  §ata on these oxides.

compares very well with the mobilities of other manganate (5) The trends in resistivity computed from the

spinels studied in bulk form, for example, nickel manganateschnakenberg relation are consistent with the trends in the

18
at 0.77u c?/V's at 300 KX° thermopower, and trends in the Raman and IR active vibra-
Finally, the observation which attests to the trend of thejgns.

Debye temperature to increase with the oxygen partial pres- (6) The Debye frequency, and Raman and restrahlen IR

vibrations shift to higher frequency with oxygen stoichiom-
etry, implying a stiffening of the lattice.
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