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PpdD^-NjfcjhjDe

eao EtFavL FaEtur fLR bR -R qMmFa SFaormr EslmrvLI YvL 

amr HvEFEEF rtyoLlmrmvn Ens onHvtLE.oMoYFF mn Fao HvtLro vY 

Famr yLvJoHF Er 1o99 Er Fv fLR bR boss8 Ens fLR DR qE9m:m 

YvL FaomL HLmFmHmrM Ens EslmHoR eao EtT9JvJY mr mnso:Fos Fv 

fLR AR /vanrvn YvL amr ao9y mn rv9lmn. FoHanmHE9 yLv:9oMrR 

cLEFoYt9 EHunv19os.oMonF 9E MEso Fv hmnoLE9 gnstrFL8 -ErFo 

eLoEFMonF Ens boHvloL8 conoLmH ponFoLrC xnmloLrmF8 vY 

DolEsE'bonvC YvL YmnEnHmE9 rtyyvLFR
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gDXE^fxpeg^D

eamr 1vLu yLoronFr En oxyoL9EonFE9 gnlorH9.EF9vn vY Fao 

EoErtLoEonF vY Fao FoLE9 9olo9 vY lELmvtr HE9H9tE 

HEL:vnEForR gF 1Er yoLYvLEos gn vLsoL Fv soFoLE9no 1aoFaoL 

FaoLo 1oLo smYYoLonHor gn Fao FoLE9 9olo9 vY HE9H9tE
%

HEL:vnEFor 1amHa 1oLo yLoyELos mnsmYYoLonF 1E8rR FvL Fao 

EoErtLoEonF vY FoLMm 9olo9 Fao HvnstHFmlmF8 Ens Fao 

FaoLMvo9oHFLmH yv1oL Sqoo:oHu HvoYYmHmonFI vY Fao oEHa 

rEMy9o 1oLo MoErtLos Ens HE9Ht9EFos Ens Fao lELmEFmvn vY Fao 

HaEL.o HELLmoL HvnHonFLEFmvnr gn Lo9EFmvn Fv FoMyoLEFtLo YvL 

lELmvtr HE9H9tE HEL:vnEFor 1Er HE9Ht9EFosR hoErtLoMonFr 1oLo 

MEso Er E YtnHFmvn vY Fao FoMyoLEFtLo S250°d ' 600°dI Ens 

yoLYvLMos mn En mnoLF EFMvryaoLo SEL.vn .ErIR

DEFtLE9 HE9H9For ELo trtE998 ”n" F8yo roE9HvnstHFvLrR 

VELmvtr FLoEFMonFr rtHa Er aoEFmn. vL MEnnoL vY .Lmnsmn. Fao 

MEFoLmE9 HEn HaEn.o Fao o9oHFLvya8rmHE9 HaELEHFoL vY Fao 

MmnoLE9R eatTEsrvLyFgvn vY gvnmH rt:rFEnHor ravt9s :o 

smLoHF98 EYYoHFos :8 rtHa o9oHFLvya8rmHE9 yLvyoLFmor Ens 

Fatr EYYoHFos :8 MoFavs vY y Lo'FLoEFMonF rtHa Er .Lmnsmn.R 

qoloLE9 umnsr vY HE9H9For 1oLo rFtsmos Ens Fao FoLMm 9olo9 

vY oEHa rEMy9o MoErtLos Ens HvMyELosR

/ 

·-

SECT ION I 

INTB.ODUCT ION 

This work presents an experimental investigation of the 

measurement of the Fermi level of various calcium 

carbonates. It was performed in order to determine whether 

there were differences in the Fermi level of calcium 

carbonates which w~ re prepared ifferent ways, For the 

measurement of Fermi level the conductivity and the 

thermoelectric power (Seebeck coefficient) of the each 

sample were measured and calculated and the variation of the 

charge carrier concentrations in relation to temperature for 

various calcium carbonates was calculated. Measurements were 

made as a function of the temperature (2S0°K - 600°K) and 

performed in an inert atmosphere (argon gas). 

Ni ural calcites ace usually "n" type semiconductors. 

Various treatments such as heating or manner of grinding the 

material• can change the electrophysical character of the 

mineral. Th e--.adsorption of ionic substances should be 

directly affected b y such electrophysical prppecties and 
\ 

thus affected by method of pretreatment such as grinding. 

Several kinds of calcites were studied and the Fermi level 

of each sample measured and compared. 

;, 
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9E Fao Ymo9s vY M9EoLE9 sHorr9E. pao YmLrF 

LoyvLFos LoroELHa solo9vyos vv Fao :Ermr vY Fao rv9ms ~ 

rFEFo yaYrmHr sEFor :EHu vn98 Fv Lo9EFmlo98 LoHonF 8oELrR 

qmnHo paonC EtH: 1vLu aEr :oon HELLmos vtFC nvFE:98 gn 

HvnstHFEnHo o9oHFLmH royELEFmvn [1C2C6]C FL9:vo9oHFLmH 

royELEFmvn [2C7'10]C Ens Y9vFEFmvn [2C6C11C12]R eao yvrmFmvn 

vY Fao FoLE9 9olo9 soFoLE9nor Fao HaEL.o FLEnrYoL smLoHFmvn 

EHLvrr Fao gnFoLYEHo rv9ms y'aEror Ens Fatr HEn EYYoHF

rtHa royELEFmvn yLvHorrorR

r:

Kay mnFoLLtyFmvn gn Fao rFLmHF yoLmvsmH yEFFoLn vY Fao 

HL8rFE9 9EFFmHo vY E9noLE9r SlELmvtr F8yor vY 9EytL9F8 Ens 

9EFFmHo soYoHFr gn Fao :t9u Ens Fao raELy :LoEu vY Fao 

HL8rFE9 9EFFmHo EF Fao rtLYEHo]13C14]I HEtror solmEFmvn 

YLvE Fao gsoE9 onoL.8 rFLtHFtLo vY rv9msr Ens HvnrFmFtFor 

Fao rFELFmn. yvmnF vY onoL.8 oxHaEn.oR eao 9EL.oL Fao 

CYs9"ry9EHoMoEF YLvM oqtm9m:LmtM HvnsmFmvnr :oF1oon Fao MmnoLE9
o

rtLYEHo Ens yaEro gn HvnFEHFC Fao MvLo gMyvLFEnF ELo Fao 

onoL.8 HaEn.orR eaoro oxHaEn.or HvnrmrF yLmnHmyE998 vY 

o9oHFLvn FLEnrYoL YLvM vno yaEro Fv Fao vFaoL gn o9oHFLmH 

royELEFmvn EnsR gn YsvFEF9vnC vY o9oHFLvn Ens mvn FLEnrYoL 

:oF1oon Fao rv9ms Ens \Fao 9mqtms vL .Erovtr yaErorR

In the field of mineral dressing the first 

reported research developed on the basis of the solid -

state physics dates back only to relatively recent years. 

Since then, much work has been carried out, notably in 

conductance electric separation [l,2,6), triboelectric 

separation [2,7-10), and flotation [2,6,11,12). The position 

of the Fe rm level determines the charge transfer direction 

across the interface two solid pnases and thus can affect 

such separation processes. 

Any interruption in the strict periodic pattern of the 

crystal lattice of minerals (various types of impurity and 

lattice defects in the bulk and the sharp break of the 

crystal lattice at the surface[l3,l4)) causes deviation 

from the ideal energy structure of solids and constitutes 

the starting point of energy exchange. The larger the 

splacement from equilibrium conditions between the mineral 

surface and phase in contact, the more important are the 

~nergy changes. These exchanges consist principally of 

electron transfer from one phase to the other in electric 

separation and, in f otation, of electron and ion transfer 

between the solid and ~ he liquid Qr gaseous phases. 

.-· -...__, 2 
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9E n9noHE9 :oEoYgH9EFmvE Fao yaonvMonE MvEF YElvLE:9o 

Fv royELEFmvn ELo :orF EHamolos gY SEIFao r8rFoM vY 

smYYoLonF yaEror gr Er YEL Er yvrrm:9o YLvM oqtm9m:LmtM 

HvnsmFmvnr Ens S:IFao olv9tFmvn vY Fao rtLYEHo onoL.8 

rFLtHFtLo Fv1ELsr tnsormLE:9o rFE:9o HvnsmFmvnrC 1amHa ELo 

rHELHo98 :onoYmHmE9 vL olon tnYElvLE:9o Fv Fao royELEFmvnC 

ELo LoFELsos vL ElvmsosR qoloLE9 FoHan/Nqtor ELo ElE'99E:9o Fv 

gnstHo MvsmYmHEFmvn gn MmnoLE9 rtLYEHo T-L.8 9olo9rR eaoro 

gnH9tso Fao EHFmvn vY Fao Mvst9EFmn. E.onFrC aoEF FLoEFMonFC 

X” vL LEsmvmrvFvyo gLLEsmEFmvnC notFLvn vL gvn :vM:ELsMonFC 

svymn. :8 rv9ms smYYtrmvn tnsoL HvnFLv99os HvnsmFmvnrC F8yo

vY HvMMmntFmvn FL9:vo9oHFLgH HaEL.mn. :oYvLo

U
Y9vFEFgvn[10C11]R

eao FoLMm 9olo9C soLmlos YLvM FoLM9'f9LEH rFEFmrFmHrC 

ME8 :o FEuon Er TTELEHFoL9z9n.R gn FoLMr vY EloLE.o 

:oaElmvLC En onoL.8 rFLtHFtLo FaEF ME8 :o loL8 HvMy9oxR

gF LoyLoronFr Fao MoEn onoL.8 vY Fao o9oHFLvnr gnlv9los gn 

Fao gnFoLyaEro oxHaEn.or FaEF vHHtL gn o9oHFLmH vL

o9oHFLvHaoMmHE9 yaonvMonER eao FoLMm 9olo9 gr H9vro98
X •

Lo9EFos Fv Fao FaoLMvs8nEMmH vL HaoMmHE9 yvFonFmE9R eao 

yvrmFmvn vY Fao FoLMm 9olo9C vL Fao HvLLoryvnsmn. yvFonFmE9C 

soFoLMmnor Fao HaEL.o FLEnrYoL smLoHFmvn EHLvrr Fao 

gnFoLYEHo vY F1v rv9ms yaErorR

In mineral beneficiat i on the phenomena most favorable 

to separation are best achieved lf (a)the system of 

different phases ls as far as possible from equilibrium 

conditions and (b)the evolution of the surface energy 

structure towards unde s irable stable conditions, which are 

scarcely beneficial or even unfavorable to the separation, 

are retarded or avoided. Sever a l techniques are av ~ llable to 

induce modification ln mineral surface e ergy levels. These 

include the action of the modulating agents, beat treatment, 

X- or radioisotope lrradlatlon, neutron or ion bombardment, 

doping by so l id dlffusi n under controlled conditions, type 

of commlnutlon trlboelectrlc charging before 

flotatlon[l0,11). 

The Fermi level, derived from Fermi-Dirac statlstlcs, 

ma , be taken as aracterizlng, ln terms of average 

behavior, an energy structure that may be very complex. 

It repre ~ents the mean energy of the electrons involved in 

the lnterphase exchanges that occur ln electric or 

electrochemical phenomena. The Fermi level ls closely 
• 

related to the thermodynamic or chemical potential. The ' . 
position of the Ferml level, or the corresponding potential, 

determines the charge transfer direction across the 

interface of two soll~ _e?ases. 

3 
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Plaksln and Shafeevlll], were the first to demoastrate 

the possibility of using electronic defects for Increasing 

the separation efficiency In flotation and

trlbo-electrostatlc separation, and have since been followed
J

:8 E ntn:oL vY vFaoL EtFavTR gn FL9:vo9oHFL9H HaEL.mn. 

:oF1oon F1v :vsmor gn HvnFEHFC FaEF :vs8 aElmn. Fao tyyoL 

FoLMm 9olo9C 9RoRC Fao 9v1oL 1vLu YtnHFmvnC .mlor o9oHFLvnr 

Fv Fao vFaoL; FatrC EYFoL royELEV9vTa vY Fao :vsmorR gF 1m99 

:o yvrmFmlo98 HaEL.os 9oElmn. FaoTyFaoL no.EFmlo98 

HaEL.os[9]R

gn Y9vFEFmvnC EsrvLyFmvn yaonvMonE ELo gnY9tonHos :8 

U Fao yvrmFmvn vY Fao FoLMm 9olo9R PsrvLyFmvn vY Enmvnr vn Fao

rtLYEHo vY E .mlon MmnoLE9 ME8 :o amnsoLos vL gFr 

yLv:E:m9mF8 smMmnmraos :8 onaEnHoMonF vY Fao FoLMm 9olo9 :8 

T oxFoLnE9 EHFmvnr; Fao vyyvrmFo vHHtLr gY HEFmvnr ELo

gnlv9losR

eao yvrmFmvn vY Fao FoLMm 9olo9C E9Favt.a gF soFoLMmnor 

Fao s9LoHF9vnTFv 1amHa Fao r8rFoM olv9lorC aEr rHEnF

gnY9tonHo gn soFoLMmnmn. Fao onFmLoF8 vY Fao'Lort9Fmn.
\

oYYoHFR gY Fao HvnHonFLEFmvn vL Fao Mv:m9mF8 vY Fao HaEL.o 

HELLmoLr gr Fvv 9v1C Fao oxHaEn.or 1m99 :o 9mMmFos Ens Fao 

HvnFLm:tFmvn YLvM Fao HL8rFE9 :t9u 1m99 :o rME99R

Vi

/ 

.. 

Plaksin and Shafeev[ll), were the first to demonstrate 

the possibility of using electronic defects for increasing 

the separation efficiency in flotation and 

tribo-electrostatic separation, and have since been followed ., 
by a number of other autho ~ . In triboelectric charging 

between two bodies in cont~,ct, that body having the upper 

Fe rm i le v e 1 , 

to the other; 

Le., the lower work func t ion, . gives electrons 

thus, after sepa ~ of the bodies, it will 

be positively charged leaving the other negatively 

charged[9). 

ln flotat i on, adsorption phenomena are influenced by 

the positi~n of the Fermi level. Adsorption of anions un the 

surface of a given mineral may be hindered or its 

probability diminished by enhancement of the Fermi level by 

external actions; the opposite occurs if cations are 
,t--/' 

involved. a 

The position of the Fermi level, although it determines 

the direction to which the system evolves, has scant 

influence in determining the entirety of the • resulting 
\ . 

effect. lf the concentration or the mobility of the charge 

carriers is too low, the exchanges will be limited and the 

contribution from the crystal bulk will be small. 

4 
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eao FamLs vno gr pao oYYoHF vY 9vE9zFE. HEs9EF9vER eao 

oYYoHF vY Fao Hos9EFmvE rtHa Er X'LE8rC '.T'LE8r Ens JJST'LE8r 

HEE :o HvEr9soLE:9oR h9 pao F8yor vY LEsmEFmvn ELo Yvtns pv 

.mlo Lmro Fv E smry9EHoEonF vY pao FoLMm 9olo9 1mFa LoryoHF 

Fv pao nEFtLE9 tnFLoEFos MmnoLE9R

eao YvtLFa vno mr oYYoHF vY mvnmH :vM:ELsMonF Ens 

HLm:vo9oHFLgH HaEL.mn. mn Y9vpEHVvELTR P9Favt.a mvnmH 

:vM:ELsMonF onaEnHor Y9vFEFmvn 8mo9s YvL E99 Fao ryoHmorC 

FLm:vo9oHFLmH HaEL.mn. oxam:mFr E LEFaoL MvLo ro9oHFmlo 

EHFmvnR ^

/ J

i:r/::

/ 

The third one is the effect of ionizing radiation. The 

effect of the radiation such aa X-rays, 0 -rays and ~-rays 

can be considerable. All the types of radiation are found to 

give rise to a displacement of the Fermi level with respect 

to the natural untreated mineral. 

The fourth one is effect of ionic bomb~rdment and 

tr1boelectr1c charg ng in flot~. Although ionic 

bombardment enhances flotation yield for all the species, 

trlboelectric charging exhibits a rather ~ore selective 

action. 

\ 
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SECTIOH II 

THEORY

r;-:

-o HEn HvEr9soH E yoLYoHF HH8EFE9 Er vEo 1mFa E 

HvEy9oFo98 vLsoLos rFLtHFtLo aEl9E. gFr EFvnr EF LorF 

SoxHoyF YvL zoLv'yvmnF vrHm99EFmvn EF Fao E:rv9tFo zoLv 

FoMyoLEFtLoI Ens 19TaLTao o9oHFLvnr smrFLm:tFos gn Fao ’ 

9v1orF'onoL.8 rFEForR AtFC EHFtE998C FaoLo ELo roloLE9 F8yor 

vY solmEFmvnr vL gMyoLYoHFmvnr 1amHa ME8 vHHtLR eao F8ymHE9 

vno mr gnHLoEros EMy9mFtso vY LEnsvM MvloMonF vY Fao EFvMr 

E:vtF FaomL oqtm9m:LmtM LorF yvmnFr Er Fao FoMyoLEFtLo gr 

gnHLoErosR

gMyoLYoHFmvnr E9rv vHHtL mn Fao o9oHFLvnmH onoL.8 

9olo9r; o9oHFLvnr ME8 :o oxHmFos gnFv am.aoL onoL.8
o

9olo9rC9oElgn. lEHEnF yvrmFmvnr mn Fao nvLME998 Ym99os 

o9oHFLvnmH onoL.8'9olo9 :EnsrC HE99os o9oHFLvn av9orR eaoLo 

ELo E ntM:oL vY EFvMmH soYoHFr[3]R gnH9tsmn. rt:rFmFtFmvn vY 

ET1Lvn. EFvM vL E YvLom.n EFvM YvL E nvLME9 vnoC Ens 9mno 

gMyoLYoHFmvnr HE99os smr9vHEFmvnr SFm.tLo 1IR gF aEr 

LoHonF98 :oon orFE:9mraos HaEF Fao yLvyoLFmor vY E LoE9 

HL8rFE9 ELo E YtnHFmvn nvF vn98 vY gFr HvMyvrmFmvn Ens 

9EFFmHo F8yoC :tF E9rv vY Fao solmEFmvnr YLvM Fao Lo.t9EL 

rFLtHFtLo FaEF EyyoEL gn Fao yLvHorr vY gFr .onoLEFmvnR

SECTION II 

THEOILY 

We can consider a perfect crystal as one with a 

co~pletely ordered structure having its atoms at rest 

(except for zero-point oscilla~ion at the absolute zero 

temperature) and wit the electrons distrlbuted in the 

lowest-energy states. But, actually, there are sever a l types 

of deviatlons or imperfections which may occur. The typical 

one i s increased amplitude of random movement of the atoms 

a b out their equillbrium rest points as the temperature is 

lncreased. 

Imperfections also occur in the electronic energy 

levels; electrons may be exclted into higher energy 

levels,leaving vacant positions in the normally filled 
0 

electronic energy-level bands, called electron holes. There 

are a number of atomic defects[3], including substltution of 

a wrong atom or a foreign atom for a normal one, and line 

imperfections called dlslocation s (Figure l). It has 
\ 

recently been establlshed that the properties of a real 

crystal are a function not only of its composition and 

lattice type, but also of the deviations from the regular 

structure that appear in the process of its generation. 
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Figure 1. Pa\ Shear dislocation. The dislocation loopV DV

is a line of disregistry. All other unit cells 
match their neighbors. Pb\ Scre:. Pc\ Edge.

The displacement is parallel to the scre: dislo;

cation but perpendicular to the edge dislocation.

/ 
./ 

( b) 
\ 

0 

( C) 

Figure 1. (a) Shear dislocation. The dislocation loop, D, 
is a line of disregistry. All other unit cells 
match their neighbors. (b) Screw. (c) Edge . 
The displacement is parallel to the screw dislo-
cation but perpendicular to the edge dislocation. 
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Follo:ing VEn 2ucen0FV191V Fao crystallographic defects 

can be devlded Into four groups according to their 

dimensions PFigure 3\.

In an Ideal crystalV In addition to all atoms being on 

the right sites :ith all sites filledV the electrons should 

be In the lo:est-energy configuration.. 2ecause of the Pauli 

exclusion principleV the el4tron energy levels are limited 

to a number of energy bands up to some maximum cutoff energy 

at 56* :hich la 7no:n as the Fermi energy 8^P5\. At higher 

temperatures thermal excitation gives an equllbrlum 

distribution In some higher energy states so that there Is a 

distribution about the Fermi level EjPT\ :hich la the energy 

for :hich the probability of finding an electron Is equal to 

one-half. "nly a small fraction of the total electron energy 

states are affected by this thermal energy depending on the 

electron energy band scheme0351.

The different temperature effectslAl observed for 

metal8V'^emlconductorsV and Insulators are related to the 

electronic energy band levels PFigure F^. In metalsV these 

bands overlap so that there Is no barrier to excite 

electrons to higher states. In semiconductors and Insulators 

a completely filled energy band Is separated from a 

completely empty conduction band of higher electron energy 

states by a band gap of forbidden energy levels.

-— n

, 

Following Van Buren[J,19), the c r ystallographic defects 

can be devided into four groups according to their 

dimensions (Figure 2). 

In an ideal crystal, in addition to all atoms being on 

the right sites with all sites filled, the electrons should 

be in the lowest-energy configuration ~ Because of the Pauli 

exclusion principle, the 1!1 tron energy. levels are limited 

to a number of energy bands up to some maximum cutoff energy 

at o°K which is known as the Fermi energy Ef(O). At higher 

temperatur e s thermal excitation gives an equlibrium 

distribution in some higher energy states so that there is a 

distribution about the Fermi level Ef(T) which is the energy 

for which the probability of finding an electron is equal to 

one-half. Only a small fraction of the total electron energy 

are affected by this thermal energy depending on the 

electron energy band scheme[20]. 

The different temperature effects[4] observed for 

metals, se miconductors, and insulators are related to the 

electronic energy band levels (Figure 3 j . In metals, these 
\ 

bands overlap so that there is no barrier to excite 

electrons to higher states. In semiconductors and insulators 

a completely filled energy band is separated from a 

completely empty conduction band of higher electron energy 

states by a band gap of forbidden energy levels. 

9 
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Point defects. (a) Vacancy. (b) Inter~t-tial. (c) Displacement 
to the interstitial site (Frenkel defec . (d) Displacement to 
surface. An imperfection disorts the cry tal lattice. 
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intrinsic semiconductors with a narrow band gap: and insulators with a high 
value for Eg. b 



9E 9EHHFErmH roE9HvEstHFvHr pao onoL.8 s9YYoHoEHo 

:oF1oon pao Ym99os Ens onyF8 :Ensr 9E nvF 9EL.o HvnyELos 

1mFa Fao FaoLME9 onoL.8C rv FaEF E Yo1 o9oHFLvnr ELo 

FaoLME998 oxHmFos gnFv pao HvnstHFmvn :EnsC 9oElmn. oMyF8 

o9oHFLvn yvrmFmvnr So9oHFLvn av9orI gn Fao nvLME998 Ym99os 

:EnsR gn yoLYoHF gnrt9EFvLr pao .Er :oF1oon :Ensr gr rv 

9EL.o paEF FaoLME9 oxHmFEFmvn gr gnrtYYmHmonF Fv HaEn.o pao 

o9oHFLvn onoL.8TTTTEporC Ens EF E99 FoMyoLEFtLor Fao 

HvnstHFmvn :Ens gr HvMy9oFo98 solvms vY o9oHFLvnr Ens pao 

noxF 9v1oL :Ens vY onoL.8 mr HvMy9oFo98 Yt99C 1mFa nv lEHEnF 

rFEForR

gn En mnHL9nrmH roMmHvEstHFvLC oEHa o9oHFLvn 1avro 

onoL.8 gr gnHLoEros rv FaEF gF .vor gnFv Fao HvnstHFmvn :Ens 

9oElor :oamns En o9oHFLvn av9oC rv FaEF Fao ntM:oL vY av9or 

oqtE9r Fao ntM:oL vY o9oHFLvnrC y > nR eao nvMonH9EFtLo 

trtE998 oMy9v8os gr Fv gnsmHEFo Fao yvrmFmlo o9o&pLvn'av9o 

HvEHoEHLEH9vn :8 yC Ens pao no.EFmlo oxHorr o9oHFLvn 

HvnHonFLEp9vn :8 nR

gn Famr HEro Fao FoLMmR9olo9 gr aE9Y 1E8 :oF1oon pao 

tyyoL 9mMmF vTY Fao Ym99os :Ens Ens Fao 9v1oL 9olo9 vY Fao 

HvnstHFmvn :EnsR

In intrinsic semiconductors the energy difference 

between the filled and empty bands is not large compared 

with the thermal energy, so that a few electrons are 

thermally excited into the conduction band, leaving empty 

electron positions (electron boles) ln the normally filled 

band. In perfect insulators the gas between bands ls so 

large that thermal excitation is insufficient to change the 

sates, and at all temperatures the 

conduction band is completely devoid of electrons and the 

next lower band of energy is completely full, with no vacant 

states. 

In an intrinsic semiconductor, each electron whose 

energy is increased so that it goes into the conduction band 

leaves behind an electron bole, so that the number of holes 

equals the number of electrons, p s n. The nomenclature 

usually employed is to indicate the positive elec.tron-hole 

concentration by p, and the negative excess electron 

concentration by n. 

In this case the Fermi. level Ef is half way between the 
\ 

upper limit of the flllea band and the lower level of the 

conductlon band. 
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eao FoLE9 9olo9 oEv :o FEuon Er HaELEHFoLmzmn.R gn 

FoLEr vY EloLE.o :oaElmvLC En onoL.8 rFLtHFtLo FaEF gr loL8 

HvMy9oxR gF LoyLoronFr Fao onoL.8 vY o9oHFLvnr gnlv9los gn 

Fao gnFoLyaEro oxHaEn.or FaEF vHHtL gn o9oHFLmHE9 vL 

o9oHFLvHaoMmHE9 yaonvMonER eao HvnHonFLEFmvn vY Fao 

gnFLmnrmH o9oHFLvnmH soYoHFr HEn :o HE9Ht9EFosR gn Famr

HE9Ht9EFmvn Fao FaoLME9 LEnsvMmzEFmvn vY o9oHFLvnr gr
«

Lo9EFos Fv FTaRTTLv:E:11gF8 vY E lE9onHo o9oHFLvn gn Fao Yt99 

:Ens aElmn. onvt.a onoL.8 Fv /tMy EHLvrr Fao onoL.8 .Ey 

gnFv Fao HvnstHFmvn :EnsR
.

pL8rFE9 rFLtHFtLor vY HEL:vnEForC rt9YEForC Ftn.rFEForC 

Ens yavryaEFor ELo MtHa MvLo HvMy9ox FaEn Favro vY rmMy9o 

rFLtHFtLor rtHa Er Y9tvLmForR gn Faoro YvLMoL HErorC HEFmvnr 

ELo 9vn9HE998 :vnsos Fv EnmvnmH LEsmHE9r 1amHa ELo HvMyvros 

vY roloLE9 nvn'MoFE999H ryoHmor rFLvn.98 :vnsos Fv oEHa 

vFaoL :8 Mmxos gvnmH Ens HvlE9onF YvLHorR eao MvrF HvMMvn 

HEL:vnEFo MmnoLE9C HE9H9FoC yvrrorror E LavM:vaosLE9 

rFLtHFtLo[3] 1mFa Fao pETT 9vvr 9vHEFos EF Fao HvLnoLr Ens

YEHor vY Fao tnmF Ho99 Ens Fao p^R gvnr 9vHEFos EF Fao

HonFoL vY :vFa os.or Ens Fao Ho99 gFro9Y SFm.tLo 4IR
\

jEHa HEFmvn gr HvvLsmnEFos gn Fao rFLtHFtLo Fv rmx 

vx8.on EFvMr vY rmx smYYoLonF p^T .LvtyrR eao ELE.vnmFo 

YvLM vY pEp^T gr HaELEHFoLmzos :8 E HvvLsmnEFmvn ntM:oL vY 

nmno YvL gFr HEFmvn Ens En vLFavLavM:mH HL8rFE9 rFLtFtLoR

r

The Fermi level can be taken aa characterizing, in 

terms of average behavior, an energy structure that ls very 

complex. It represents the energy of electrons involved in 

the interphase exchanges that occur in electrical or 

electrochemical phenomena. he concentration of the 

intrinsic electronic defects can be calculated. In this 

calculation the thermal randomization of electrons is . 
related to th robabillty of a valence electron in the full 

band having enough energy to jump across the energy gap E g 

into the conduction band. 

Crystal structures of carbonates, sulfates, tungstates, 

and phosphates are much more complex than · those of simple 

structures such as fluorites. In these former cases, cations 

are ionically bonded to anionic radicals which are composed 

of several non-metallic species strongly bonded to each 

other by mixed ionic and covalent forces. The most common 

carbonate mineral, calcite, possesses a rhombohedral 

structure[S] with the Ca++ ions located at the corners and 

faces of the unit cell and the co 3 ions located at the 

center of both edges and t'he cell itself (Figure 4). 
\ 

Each cation is coordinated in the structure to six 

oxygen atoms of six different co 3 groups. The aragonite 

form of Caco 3 is characterized by a coordination number of 

nine for its cation and an orthorhombic crystal stru~ure. 

13 
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Figure 4. Pa\ Surface structure of calcite Pl"ll\V
Pb\ Crystal structure of calcite.
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Figure 4 . (a) Surface structure of calcite (10h), 
( b) Crystal structure of calcite . 
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eao yvrmFmvn vY Fao FoHn9 9olo9 Yvo roMmHvnstHFmn. 

MmnoLE9r HEn :o soFoLMmnos gn F1v smYYoLonF 1E8r trmn. F1v 

royELEFo roLmor vY ForFrR eao YmLrF gr Fao MoErtLoMonF vY 

Fao HvnFEHF yvFonFmE9 smYYoLonHo :oF1oon Fao MmnoLE9 rEMy9o 

Ens E .v9s LoYoLonHo o9oHFLvso trmn. Fao MvsmYmos do9lmn 

MoFavsC :vFa Fao lm:LEFmn. Ens LvFEFmn. HvnsonroL :omn. tros 

Er Fao MoErtLmn. solmHorR eamr MoFavsC 1amHa aEr :oon 

:LmoY98'TTsTHL9:os Yn oEL9oL yEyoLr[8C99C E99v1os Fao 

MoErtLoMonF vY Fao 1vLu YtnHFmvn YvL smYYoLonF 

MEFoL9E9r[17]R hoErtLoMonF vY Fao 1vLu YtnHFmvn MEuor gF 

yvrrm:9o Fv HvnYmLM FaEF Fao rm.n vY Fao FL9:vo9oHFLgH 

HaEL.o soyonsr vn Fao Lo9EFmlo yvrmFmvn vY Fao FoLMm 9olo9 

vY Fao F1v rt:rFEnHor gn HvnFEHF Ens FaEF E HvLLo9EFmvn 

oxmrFr :oF1oon Hv99oHFvL EsrvLyFmvn Ens MmnoLE9 1vLu 

YtnHF9vn[17]R

eao roHvns MoFavs HvnrmrFr vY Fao soFoLMmnEFmvn vY Fao
o

FoLMm 9olo9C j'C vnHo j gr unv1nC :8 MoErtLoMonF vY FaT 

FaoLMvo9oHFLmH yv1oL Sqoo:oHu HvoYYmHmonFI SMVU dI :8 trmn. 

Fao Yv99v1mn. oqtEF9vnr[2g]:

thermoelectric power; Q “ - k/q (A - -m.) (1)

E^ - E^ / kT

The position of the Fermi level for semiconducting 

minerals can be determined in two different ways using two 

separate series of tests. The first ls the measurement of 

the contact potential difference between the mineral sample 

and a gold reference electrode using the modified Kelvin 

method, both the vibrating and rotating condenser being used 

as the measuring devices. This method, which has been 

brief! described {n earier papers[8,9], allowed the 

~easurement of the work function for different 

mater1als[l7]. Measurement of the work function makes it 

possible to confirm that the sign of the trlboelectric 

charge depends on the relative position of the Fermi level 

of the two substances in contact and that a correlation 

exists between collector adsor?tion and mineral work 

function[ 17]. 

The second method consists of the determination of the 
D 

Fermi level, Ef, once Eg is known, by measurement of t 
0 

thermoelectric power (Seebeck coetficient) (mV/ K) by using 

the following equations[21]: 

thermc>electric po~er; Q • - k/q (A - -,,J ( l) 

( 2) 
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9E pao jqtEp9vES9I Fao yvr9Hmlo r9.E av9sr YvL '{>'p8yo 

roMgHvEstHpvHE EEs pao no.EFmlo r9.E YvL E'p8yo 

rongHvEstHFvLrR eao HvErpEEF P gr ErrtEos oqtE9 pv 2 :oHEtro 

vY rHEHFoL9E. yLvHorror ELmrmn. YLvE pao HaoLEE9 l9:LEp9vEr 

vY Fao 9EFFmHo EpvErR Q gr pao HaoLEvo9oHHH9H yv1oLC q gr 

pao HaEL.o vY pao o9oHFLvnR eamr MoFavsC 1amHa .mlor pao 

yvrmFmvn vY Fao FoHE9 9olo9 1mFa LoryoHF Fv pao tyyoL os.o 

vY pao lE9onHo :EnsC 9\CCETvyHos gn pao yLoronF 1vLu Fv Ymns 

vtF pao HvLHo9Ep9vn :oF1oon o9oHFLmH royELEFmvn vL Y9vFEFmvn 

Lort9Fr Ens s9ry9EHoEonF vY pao FoLE9 9olo9 Er E Lort9F vY 

oxFoLnE9 EHFmvnr SFm.tLo 3IR

^Y Fao F1v MoFavsr ElEm9E:9o YvL soFoLMmnEFmvn vY Fao 

yvrmFmvn vY pao FoLMm 9olo9C pao YmLrFC 1amHa E99v1r 

gnsmLoHF MoErtLoMonF vY Fao 1vLu YtnHFmvn ft. gr MvLo 

rtmFE:9o gn rFts8mn. Fao HaEL.o FLEnrYoL yLvHorr :oF1oon F1v 

smYYoLonF :vsmorC 1aoLoEr Fao roHvnsC 1amHa .mlor jTC gr ° 

yLoYoLE:9o 1aon pao oYYoHF vY smYYoLonF EHFmvnr vn pao rEMo 

' MmnoLE9 gr Fv :o gnlorFm.EFosR

eao roHvns MoFavs gr unv1n Fv :o MvLo loLrEFm9oC Er gF

\

HEn :o Eyy9mos E9rv Fv yv1soLos MmnoLE9 rEMy9orR eamr gr E 

smrFmnHF EslEnFE.o gn pao rFts8 vY Y9vFEFmvn yaonvMonER eao 

1msFa vY YvL:msson :Ens jT gr soFoLMmnos :8 MoErtLmn. pao 

o9oHFLmHE9 HvnstHFmlmF8 T Er E YtnHFmvn vY FoMyoLEFtLoR

In the Equation{l) the positive sign holds for p -type 

semiconductors and the negative sign for n-type 

semiconductors. The constant A is assumed equal to 2 because 

of scattering processes arising from the thermal vibrations 

of the lattice atoms. Q is the thermoelectric power. q is 

the charge of the electron. This method, which gives the 

position of the Fermi level with respect to the upper edge . 
of the va l ence band, ~ opted in the present work to find 

o ut the correlation between electric separation or flotation 

results and displacement of the Fermi level as a result of 

external actions (Figure 5). 

Of the two methods available for determination of the 

position of the Fermi level, the first, which allows 

indirect measurement of the work function~. is more 

suitable in studying the charge transfer process between two 
_s--,./' 

different bodies, whereas the second, which gives Ef, is 0 

preferable when the effect of different actions on the same 

mineral is to be investigated. 

The second method 1s known to be more versatile, as it 
\ 

can be applied also to powdered mineral samples. This 1s a 

distinct advant~ge in the study of flotation phenomena. The 

width of forbidden band E is determined by measuring the g 

electrical conductivity as a function of temperature. 
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9E Fao 9EFL9Er9H Ymo9s Fao Ho9EF9vnra9y :oF1oon T Ens 

e HEn :o EyyHvx9EEFo98 1LmFFon EE

'5 ' ”

1aoLo j 9E v:FEmnosR So 1“ « HvnstHFmlmF8 HvnEFEnF 
8

soFoLMmnos :8 oxyoLmMonFR

eaoLMvo9oHFLmH yv1oL 9E HE9Ht9EFos EE E YtnHFmvn vY 

FoMyoLEFtLo gn Fao LEn.o 250 d Fv 600 dR gY Fao 

FaoLMvo9oHFLmH yv1oL 9E EFFLm:tFos onFmLo98 Fv o9oHFLvnmH 

oYYoHFrC vno HEn HE9Ht9EFo gFE FoMyoLEFtLo Ens yLorrtLo 

soyonsonHor gn E MEnnoL EnE9v.vtr Fv FaEF tEos Fv HE9Ht9EFo 

Fao FoMyoLEFtLo Ens yLorrtLo soyonsonHo vY Fao 

HvnstHF9l9F8923]

nT ' d oxyS'j.U29HeI P^T '9Un

1aoLo n gr Fao ntM:oL vY o9oHFLvnr yoL HM C d 9E 

oqtm9m:LmtM HvnrFEnF SHE9H9FoC 4R7x10 IC jT gr Fao 

YvL:msson onoL.8 .EyC u gJr Av9FzMEnn’r HvnrFEnFC e gr Fao 

E:rv9tFo FoMyoLEFtLoC P^T gr Fao yELFmE9 yLorrtLo vY vx8.onC 

Ens n gr E HvnrFEnFR

In the intrinsic field the relationship between and 

T can be approximately written as 

• bo exp(-Eg / kT) (3) 

where E g 18 obtained. So 1s a conduct iv 1 ty constant 

determined by experiment. 

V 
Thermoelectric power is calculated as a function of 

temperature in the range 250 OK to 600 oK. If the 

thermoelectric power is attributed entirely to electronic 

effects, one can calculate its temperature and pressure ,,. 
dependences in a manner analogous to that used to calculate 

the temperature and pressure dependence of the 

conduct1v1ty[23] 

n e 
• K exp(-E /2kT) PO -l/n 

g 2 0 

where n e 

3 
is the number of electrons per cm K is 

-9 
equilibrium constant (calcite, 4.7xl0 ), Eg is the 

(4) 

forbidden energy gap, k 1,s Boltzmann's constant, T is the 

\ absolute temperature, eo 2 is the partial pressure of oxygen, 

and n is a constant. 

18 



gY Fao HaoHnvo9oHFL9H yv1oL gr .9loE :8 pao 

relatloxship03%1

thermoelectric po:er Y x - -h/q P3-la Po^/a^\\ P'\

:here q Is Che charge of electroaV aad a is Che
o

effective density of states at the band edge

- 2S2 m°7T\^^^/h^

:here m° Is the effective electroa massV thea at 

coastaat temperature

x X -7/q PCoastaat ” 1/a la P"^\ P!\

If Che pressure Is held coastaat la Equacloa P%\V thea

o
the re^cloa for Q Is glvea by ^

x - -7/q PCoastaat~ ” la a^ ” Eg/37T\ P8\

In Che present :or7 the mass of Che electron Is used 

for m° and Che pressure term Is Ignored. [alues of 1/3E are
"

obtained from the conductivity measurements.

,r-/ 

If the thermoelectric power is given by the 

relationship[24) 

thermoelectric power Q • -k/q (2-ln (n /n )) e o 

where q is the charge of electron, and n is the 
0 

effective density of states ~ t the band edge 

V 

where m* is the effective electron mass, then at 

constant temperature 

Q,. -k/q (Constant+ 1/n ln P0 2 ) 

If the pressure is held constant in Equation ( 4) ' 
0 

the re~atioa for Q is given by 

., 
Q ,. -k/q (Constant' + 1n n + E /2kT) 

0 g 

I 

( 5) 

(6) 

(7) 

then 

(8) 

In the present work the mass of the electron is used 
\ 

* form and the pressure term is ig nored . Values of 

obtained from the conductivity measurements • 

.. 
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jXPjbgiqiePgR Pj^pjf^bj

qPhPNj PbjPPbPeg^D

h9EoHE9 rEMy9or tros 1oLo r8Epaop9H EEs EEFtHE9 HE9HmtM 

HEL:vtEpor v:FE9Eos YLvM En mEstrFH9E9 HvMyEn8 y9tr gHo9Ens 

ryEL ytLHaEros YLvM -ELsr DEFtLE9 qHmonHo jrFE:9mraMonFC

gnHR eao yELFmH9o raEyor lELmos .LoEF98 Ens gnH9tsos 

En.t9ELC :9vHu8 Ens noEL98 ryaoLmHE9 yELF9H9or[22]R hoFavsr 

vY rEMy9o yLoyELEFmvn gnH9tsos yLoHmymFEFmvn YLvM rv9tFmvn 

Ens .Lmnsmn.R PELFmH9o rmzo vY Fao MEFoLmE9 lELmos YLvM 

E:vtF 0R1 Fv 40 MMR X'LE8 EnE98ror gnsmHEFos FaEF E99 Fao 

MEFoLmE9r oxHoyF YvL hmrrmrrmyym NmMo 1oLo HE9H9FoR eamr 

MEFoLmE9 1Er yLmMELm98 ELE.vnmFo 1mFa rvMo HE9H9Fo 

yLoronF[22]R eE:9o 1R 9mrFr rvMo vY Fao HaELEHFoLmrFmHr vY 

Fao MEFoLmE9r rFtsmosR

eao yv1soLos rEMy9or 1oLo Mmxos 1mFa smrFm99os 1EFoL
€

Ens yLorros gn yLorrC q9My99MoF ggC Atoa9oL pvR 1mFa am.a 

yLorrtLoS80C000 yr9I Fv MEuo H89mnsLmHE9 rEMy9or YvL .vvs 

HvnFEHF :oF1oon yLv:or Ens rEMy9orR eao rEMy9or 1oLo uoyF gn 

RFao vlonSF9raoL hvso9 496I EF Fao FoMyoLEFtLoC 70 °p YvL 24 

aLr Fv olEyvLEFo Fao 1EFoL 9oYF gn Fao rEMy9or EYFoL 

yLorrmn.R
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.. 

SAMPLE PREPARATION 

SECTION III 

EXPERIMENTAL PROCEDURE 

Mineral svs used were syathetic and natural calcium 

carbonates obtained from an industrial company plus Iceland 

spar purchased from Wards Natural Science Establishment, 

Inc. The particle shapes varied greatly and included 

angular, blocky and nearly spherical particles[22]. Methods 

of sample preparation included precipitation from solution 

and grinding. Particle size of the material varied from 

about 0.1 to 40 mm. X-ray analyses indicated that all the 

materials except for Mississippi Lime were calcite. This 

material was primarily aragonite with some calcite 

present[22]. Table l. lists some of the characteristics of 

the materials studied. 

The powdered samples were mixed with distilled water 

aad pressed in ~ press, Si~plimet II, Buehler Co. with high 

pressure(80,000 psi) to make cylindrical samples for good 

contact betweea probes and samples. The samples were kept in 

_ .• ~he oven(Fisher Model 496) at the temperature, 70 °c for 24 

hrs to evaporate the water left in the samples after 

pressing. 
_r--- -
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Table 1. Characteristics of Calcium Carbonates Studied 

I 

Surface Isoelectric 
Material Particle Shape Preparation Area(m 2/g) Point 

-•M--------------------------------------------- - ----------------------------------------

Alba~car blocky precipitation 1.7 more than 7 
.,, 

Vicron block-angular grinding (ni~ally 3.2 10.8 
occuring min al) 

Alba sphere spherical precipitation 3.4 9.5 
r.: ... Albaglos blocky precipitation 6.5 9.5 

Miss. precipitation 
. 

10.6 8.2 Lime elongated-angular . 
1 Ultra fine spherical-blocky precipitation 20.1 9.3 

Iceland spar block-angular grinding(naturally 
occuring mineral) 

-----------------------------------------------------------------------------------------------
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ReaoFr miFErn

e gyLvlLs fC ctP pLsdDP tfDgPl ^pPg -p ptfNL DL jyv^lP 

hu jfl bPqqPl MfLg^MqLLMP SPlI qtDL pyDSPl qfDD YuHH.J 19n 

RPDPLqDCDM DLMu8 NLp ^pPg Lp L pyDSPl dDLqP f: PLMt pygPu 

TtP MfL:PMqDLv NylPp Clfs qtP PDPMqlfgP qf qtP sPLp^lDLv 

A/Dq NPlP LDpf pDDSPlYxxuxx'8Ub^q fC L psLDD 

gDLsPqPlYHu%.ss8 uYDlhI NPlP MfsdDPqPDI -:p^DLqPg Nyqt L 

pyDyMf: q^bPu TtP tfDgPl NLp qyvtqP:Pg dlfdPlDI qf lPg^MP 

Mf:qLMq dlfbDPs bPqNPP: pLsdDP L:g dDLqPpu TtP Mf:g^MqySyqI 

sPLp^lPsP:qp NPlP sLgP Nyqt L tyvt ClPX^P:MI Y P

\HV m: 8 ;P: nLg \h.2 nFc blygvP qf LSfyg dfDLly:Lqyf: fC 

qtP pLsdDPu cf:g^MqySyqI NLp sPLp^lPg -: L: -:Plq 

LqsfpdtPlPcLlvf: vLp8u

jfl qtP gPqPlsy:Lqyf: fC qtP pLsdDP lPpypqL:MP pPSPlLD 

sPLp^lPsP:qp NPlP sLgP L:g L: LSPlLvP qL0P:u TtP qPsdPlLq^lP 

Lq NtyMt qtP sPLp^lPsP:qp NPlP sLgP NLp gPqPlsy:Pg Clfs qtP 

qtPlsfMf^dDPYisPvL cfu F qIdP8 Mf::PMqPg qf L qtPlsfMf^dDP 

1tPlsfsPqPlYisPvL cfu afgPD %\hVe8 Yjyv^lP 38u TtP pDfdP fC 

qtP lPp^Dqy:v M^lSP NLp gPqPlsD4:Pg bI qtP sPqtfg fC DPLpq 

pX^LlPpu TtP qPsdPlLq^lP fC qtP C^l:LMPYF-:gbPlv afgPD 

.2\\\8 Nf^Dg glyCq Lp s^Mt Lp qP: gPvlPPp MP:qyvlLgP g^ly:v 

L qNPDSP5tf^l dPlyfgu

SAMPLE HOLDER 

A diagram of the sample holder used is shown in Figure 

6. For better conductance very thin silver foil (.005" VVR 

Scientific Inc.) was used as a silver plate on each side. 

The connecting wires from the electrode to the measuring 

unit were also silver(99.99%) . but of a small 

diameter(0.25mm). ey were completely insulated with a 

silicon tube. The holder was tightened properly to reduce 

contact problem between sample and plates. The conductivity 

m asurements were made with a high frequency ( > 

l 03 az) Gen Rad 1658 RLC bridge to avo~d polarization of 

the sample. Conductivity was measured in an inert 

atmosphere(argon gas). 

For the determination of the sample resistance several 
4 

measurements were made and an average taken. The tem-perature 

at which the measurements were made was determined fro• the 

thermocouple(Omega Co. K type) connected to a thermocouple 

thermometer(Omega Co. Model 2168A) (Figure 7). The slope of 

the resulting curve was determ i ned by the method of least 
\ 

squares. The temperature of the furnace(Lindberg Model 

58111) would drift as much as ten degrees centigrade during 

a twelve-hour period. 
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-q NLp Cf^Lg LLMPLpLMI qtPlPCflPU qf qL0P qNf fl qtlPP 

lPLgy:vp Lbf^q L qP:dPlLq^lP L:g qtP: gPqPlLD:P qtP 

lPpypqL:MP Lq qtP qPsdPlLq^lP gPpylPg Clfs qtP sPqPlu

cf:pygPly:v qtP lPDLqyf:p gPSPDfdPg -: qtyp pPMqyf: qtP 

sPLp^lPg PDPMqlyMLD Mf:g^MqySyqI 1 -p dDfqqPg LvLy:pq \6T 

Cfl gyCCPlP:q MLDMDqPp -: jyv^lPp 25\*u TtP CflbyggP: P:PlvI 

vLdU r1U ML:1P41 gPqPlsy:Pg bI sPLp^ly:v qtP qtP pDfdP fC qtP 

lPMqyDy:PLl pPMqyf: Lq qtP tyvtPl qPsdPlLq^lPpU NtPlP qtP 

MLDMDqP -p -:qly:pyM7\28u jyv^lPp \h5%% ptfN qtP SLlyLqyf: 

fC qtP MtLlvP MLllyPl Mf:MP:qlLqyf: -: lPDLqyf: qf 

qPsdPlLq^lPp Cfl SLlyf^p MLDMDqPp -: qtP -:qly:pyM :f:PU d6: 

P \u -: qtP qNf M^lSPp fSPlDLdU qtP jPlsy DPSPD -p pyq^LqPg 

tLDCNLI -: qtP CflbyggP: bL:gu

It was found necessary therefore, to take two or three 

readings about a temperature and then determine the 

resistance at the temperature desired from the meter. 

Considering the relations developed in this section the 

measured electrical conductivity t> ls plotted against 1/T 

for different calcites ~n Figures 8-14. The forbidden energy 

gap, E , can g 
determined by measuring the the slopi of the 

rectilinear section at the higher teaperatures, where the 

calcite ls intrlnslc[l8]. Figures 16-22 show the variation 

of the charge carrier concentration in relation to 

temperatures for various calcites in the intrinsic zone, p/n 

• l. In the two c u r v e s o v e r 1 a p , the Fe rm 1 1 e v e 1 i s s i tu a t e d 

halfway in the forbidden band. 

Q 

\ 

.. 
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nrRAFTR eaE E-RcARR -i—

EPSyLqyf:p -: qtP MlIpqLD FLqqyMP fC L sy:PlLD Clfs qtP 

-gPLD pql^Mq^lP ML: bP PpqysLqPg Clfs gLqL fbqLy:Pg f: yqp 

PDPMqlfdtIpyMLD dLlLsPqPlp p^Mt Lp jPlsy DPSPD fl 

Mf:MP:qlLqyf: lLqyf fC qtP MtLlvP MLllyPlpU d6:U py:MP qtPpP 

dLlLsPqPlp gf lPCD11M1 p^Mt gPSyLqyf:pu TtP Mf:MP:qlLqyf: L:g 

sfbyDyqI fC qtP MtLlvy:v MLllyPlp fC PyqtPl qIdP -p 

-sdflqL:q Clfs qtyp dfy:qU L:g qtP Mf:MP:qlLqyf: lLqyf d6: 

gPqPlsy:Pp qtP vlLgyP:q fC qtP jPlsy DPSPD Lp L C^:Mqyf: fC 

qPsdPlLq^lP qtlf^vt qtP lPDLqyf:ptydu

rU' 5 \6% r 5 \6% 0uT -: d6: 
x v

NtPlP r1 yp qtP jPlsy DPSPD lPCPllPg qf qtP ^ddPl PgvP
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SECTION IV 

RESULTS AND DISCUSSION 

Deviations in the crystal lattice of a mineral fro• the 

ideal structure can be estimated from data obtained on its 

electrophysical parameters such as Fermi level or 

concentration ratio of the charge carriers, p/n, since these 

parameters do re~ such deviations. The concentration and 

mobility of the charging carriers of either type is 

important from this point, and the concentration ratio p/n 

d termines the gradient of the Fermi level as a function of 

emperature through the relationship. 

Ef • 1/2 Eg - 1/2 kT lo p/n ( 9) 

where Ef is the Fermi level referred to the upper edge 

of the valence band, 
a 

E is the width of the forbiddcm energy 
g 

gap, k is Boltzmann's constant and T is absolute 

temperature. The equation reveals the important role played 

by the forbidden band, the width of which represents the 
, 

maximum shift of position of the Fermi level attainable 
\ 

through external actions capable of modifying the carrier 

concentration ratio p/n. A mineral characterized by a very 

narrow forbidden band is generally little sensitive to 

various external actions. 
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TtP dlPSyf^pDI fbpPlSPg MfllPDLqyf: Nyqt CDfqLqyf: 

lPpdf:pP -p Lqqlyb^qPg qf qtP ReaeoReoFe fC rRmiEangio fC 

nye Lvinrngio Eerleonm io sgoeErvm io mfFy aEiaeEngem rm 

jPlsy veCevc tygFy -p -:gyMLqySP iL nye sero eoeElP iL nye 

p^lCLMP PDPMqlf:p7\38u Tf gPqPlsy:P qtP jPlLD DPSPDp Cfl 

meCeErv FrvFvnem nye nyeEsieveFnEgF Crvfe fC erFy mrsave trm

fmeR tvcny epfrngiom oineR do nye aEeCgifm meFngiomD

^

-ye Crvfe iL nye LiENgRReo eoeElP lrac jhc dm oeFemmrEP 

LiE ReneEsgogol nye ueErv eoeElPc jhD bioRfFngCgnP 

sermfEeseonm teEe aeELiEseR CeEmfm EeFgaEiFrv rNmivfne 

nesaeErnfEem LiE CrEgifm FrvFvnem roR mviaem nrqeo iCeE nye 

donEgomgF Mioec aSoIYD uglfEe YH myitm FioRfFngCgnP 

sermfEeseon Rrnr io FrvFvne LEis brEnrc .D en rvDJH1D -ye 

dogngrv mviae lgCem nye Crvfe iL j D do uglfEem 9IY8 nye
:

FfECem teEe ReneEsgoeR NP sermfEgol h TEeFgaEiFrv ni 

EemgmngCgnPA rn doFEermgol nesaeErnfEem mnrEngol LEis Ehs 

nesaeErnfEeD -yeme LglfEem myit misetyrn RgLLeEeon FfECe 

myraem Nfn rvv myit mgsgvrE nEeoRmD -ye mviaem nrqeo rn ygly

nesaeErnfEem TdonEgomgF MioeA teEe mgsgvrE ni nyrn iL brEnrc
/ *

.D en ygDJH1D -yeme rfnyiEm rvmi iNnrgoeR Fiivgol FfECem 

myitgol r yPmneEemgm ayeoiseoioD -ygm trm oin aimmgNve do 

nye aEemeon exaeEgseonrngio NeFrfme iL FionrFn aEiNves 

Nenteeo nye mrsave roR aEiNemD .ermfEeR jh Crvfem EroleR 

LEis 'DYU% eY LiE .gmmgmmgaag Xgsec ni 'D%Y eY LiE dFevroR 

marED

The previously observed correlation with flotation 

response is attributed to the dependence of adsorption of 

the flotation reagents on minerals on such properties as 

Fermi level, which is indicative of the mean energy of the 

surface electrons[l7]. To determine the Fermi levels for 

several calcites the thermoelectric value of each sample was . 
used ii' th equations noted in the previous sections. 

The value of the forbidden energy gap, E , is necessary g 

for determining the Fermi energy, Ef. Conductivity 

measurements were performed versus reciprocal absolute 

temperatures for various calcites and slopes taken over the 

intrinsic zone, p/n•l. Figure 15 shows conductivity 

measurement data on calcite from Carta, M. et al.[5]. The 

initial slope gives the value of E . In Figures 8-14 the g 

curves were determined by measuring~ (reciprocal 'to 
Q 

resistivity) at increasing temperatures starting from r o• 

temperature. These figures show somewhat different curve 

shapes but all show similar trends. The slopes taken at high 

temperatures (intrinsic zone) were similar to that of Carta, ., 

M. et al.[5]. These authors also obtained cooling curves 

showing a hysteresis phenomenon. This was not possible in 

the present experimentation because of contact problem 

between the sample ,nd probes. Measured E values ranged g 

from 2.1.68 eV for Mississippi Lime, to 2.31 eV for Iceland 

spar. 
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-ye SLD^Pp teEe CeEP Fvime Fi qtP 'D'9 LPLp^lPg NP 

cLlqLU PD Pq rvDJ'1D dn sPL:p nyeEe -p oi Ngl Fyrole do 

FioRfFngCgnP Crvfem roRc nyeEeLiEec CrvfemTudlfEem 9IY8A 

tgny nPae iL mrsave aEearErngioD

-ye FyrEle FrEEgeE FioFeonErngio Erngi aSo do nye 

donEgomgF Mioe Fro NehFrvFfvrneR LEis jpfrngio TY\A ioFe nye

Crvfem iL j roR jD yrCe Neeo ReneEsgoeRD -ye FioFeonErngio 
S t

iL eveFnEiom roR yivem Fro Ne FrvFfvrneR LEis nye 

Eevrngiomyga

T'V-hhhA exaTIj S dn-A
:

TY\A

which Is, at a given temperature, an Invariant of the 

mlneral(ln the present experimentation, calclte) depending

^.^n the forbidden gap width only, n Is the concentration of

gnvio iL y 
5V o„-3/2

::%
eveFnEiom TFs;hA roR a dm nye FioFeonErngio iL yivem TFs AD

V dm r Fiomnron iL Crvfe 'D8' 2 Y\ 0

uglfEem YUI'' myit nye CrEgrngio iL nye FyrEle FrEEgeE 

FioFeonErngiom do Eevrngio ni nesaeErnfEemD do nye donEgomgF 

MioeD do tygFy aSo F Yc nye nti FfECem iCeEvrac roR nye 

ueEsg veCev gm mgnfrneR yrvL trP go nye LiENgRReo NroRD

The values were very close to the 2.28 measured by 

Carta, H. et al. [ 21 • It means there ls no b lg change la 

conductivity values and, therefore, E g values(Flgures 8-14) 

wl th type of sample preparation. 

The charge carrier concentration ratio p/n lo the 

lntrlnslc zone caa b calculated from Equation (10) once the 

values of Eg and Ef have been determined. The concentration 

of electrons and holes can be calculated from the 

relationship 

np m (2UT 312 ) exp(-E / kT) g 
( l O) 

which is, at a given temperature, an invariant of the 

mineral(ln the present experimentation, calcite) depending 

n the forbidden gap width only. n ls the concentration of 

3 electrons (cm- ) and p ls the concentration of holes (cm ). 

U ls a constant of value 2.42 X 10 15 cm- 3 oK- 312 . 

Figures 16-22 show the variation of the charge carrier 

concentrations in re atlon to te~peratures. In the intrinsic 

zone, in which p/n • 1, the two curves overlap, and the 

Fermi level is situated half way in the forbidden band. 
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-yeP LlP rvv pD:DDLM bPML^pP fC bye pDLDDLM SLD^Pp 

Frrlvrl LEis YDY1 Fr3h LiE .gmmgmmgaag Xgsec ni 8D\%xY\:45
I%

LiE dFevrrR marE fmgol jpfrngio TY\AD

do bye nyeEsieveFnEgF aiteE FrvFfvrngiom jpfrngiom 

TUIY\A teEe fmeR roR bye FrvFfvrneR Crvfem EroleR LEis I1 eY 

b: IYY eYD -ye Crvfem teEe byeo fmeRhLiE bye ReneEsgorngio 

iL ueEsg eoeElP veCevmD -yfmhFrvFfvrneR ueEsg eoeElP veCevm 

myiteR rvv bye srneEgrvmc EelrERvemm iL srooeE iL mrsave 

aEearErngioc ni Ne 6:o4: nPae mesgFioRfFniEmD -yeP EroleR LEis 

8D^ eY b: 1D9 eY rm nesaeErnfEe dm goFEermeRD do mise 

erEvgeE araeEmJvc'1 *vrqmvoc en rvDroR brEnrc eb rvD nye 

aimgngio iL ueEsg veCev TuglfEe '%A dm myito ReFEermgol bi 

YS'jh rm nesaeErnfEe dm doFEermeRD

They are all similar because of the similar E values g 

ranging from 1.17 cm- 3 for Mississippi Lime, to 4.03xlo 10 

-3 cm for Iceland spar using Equation (10}. 

In the thermoelectric power calculations Equations 

(6-10) were used and the calculated values ranged from -7 eV 

to -ll eV. The values w re then tised • for the determination 

of Fermi energy levels. Tne calculated Fermi energy levels 

showed all the materials, regardless of manner of sample 

preparation, to be "n" type semiconductors. They ranged from 

4.9 eV t o 7 .8 eV as temperature is increased. In some 

earlier papers[l,2) Plaksin, et al.and Carta, et al. the 

position of Fermi level (Figure 23) is shown decreasing to 

l/2E as temperature is increased. g 

.. 

\ 
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Figure 10. Electrical conductivity versus reciprocal absolute temperature for 
Albacar ($ize, 0 . 1 to 40Mm). 
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Figure 12. Electrical conductivity versus reciprocal temperature for 
Albaglos · (size, 0 .1 to 40 Mm). 

10 - i 2 , , I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

' 1 ALBAG LOS ~. 
I . 

,,--.... 
E 
(..) 

0 
..c I Eg E -.._...., 

- I ,-b 

->, 
:-<;::'. 10 - 13 
> 

-+-' 
(..) 
:J 

"'O 
C 
0 I I I 
(..) 

-
0 
(..) 

i: 
-+-' 
(..) 
Q.) 

w 

I 

10 - 14 I , 
1 I I I I I I I I j ! I 1•1 I I I I I I I I , I I I I I I I I .j I I I I I I I i I I I I I I I I I I 

0.4C 0.80 1.20 1.60 2.00 . 2.40 
Reciprocal absolut~ temp erature, 103 / T ( ° K-

1
) 

., 



L
a>u3O)
•HU

.

36

Figure 13. Electrical con~uctivity versus reciprocal temperature for 
Vicron ~size, ~ .1 to 40 Mm). 

\ 1 Q 112 -4 I I I I I I I I I ! I I I I II I I I I I I I i II 

... 
I ,.......__ 

E O -1:5 u 1 
0, 

..c 
E ...___,, 

b 

w >, 0 -14 en l 
> • ·-+-' u 
::J 
-0 
C 
0 u 

0 -15 · u10 
L. 

+-' u 
(l) 

w 

VICRON \ 

Eg = 2.30 e 

" 

I I I I I I ' I I I I I Ii I i I I 

( 

I -l 

1 0 -l
6 I I I I I I I I I I I I I I I I I I I I I I ' I I I I I I I I I I I I I I I I I I I I I ' I I I 

0.40 0.80 1 .20 1 .60 2.00 2.40 
Reciproc al 3/ (0 -1) obsoluk tem;:ierature, 10 T K , 



03U3O
J

•ri
U
.

(ijuo-O
L|U

j) 
'n
 
*A:^!A!pnpuoo

 
p
o
u
p
o
G

- ... -- -

(.\ 
l 

w 
'-,I 

• -- · --·- - -- _ ... _ _._ _ . .. ..... _ . --._ .--._....-; __........, ___ .,; __ ,_,i,i,.l.. , _ _ ........ "" - ..... ~-·--a..}--..: .. _.~ ...... 

Figure 14. Electrical conducLivity versus reciprocal temperature for 
Missi~sippi ]4 me (size, 0.1 to 40 Mm). 

1 0 -11 ~~~~-~~.....-....-.---r-,---,-,-,-,,--.-T""',.....,....,..........-,-..,...........---..,......,..........,.~ ........ 

.... 
I 

MISSISSIPPI LIME 
----E 

0 
0 

..c E ( J -12 
....__,, 

Eg 2.31 ( 
-

b 

>, 
;-4;::'. 
. 2: ....., 
u 
:J 

-0 
C 8 1 0 -13 

-
0 
(.) 
I,_ ....., 
u 
(i) 

w 
' b 

. 1 -14 I I I\.... I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I j I I I I I I I I I 

0.40 0 :80 1.20 1.60 2.00 2.40 
Reciprccal absolLJtL temperature, 103 /T ( °K- 1

) 

,.._" - . ~C.ll,.., , _ \., __ ___ . , • • ,, 



. __ ...,_,_.___..,...__ ...... .. 

' 

\ ' : 

w 
CD 

. -... - "- • "'" ., ___ ••· - ••O. ,..:..a.-..__., • ., .___-...,..._ ,_ 0
. ~ .......... • , !9 JI .... .. "h,,,._.,u1,,~ -:+fg • ,,,,,..,, ttoc+r: t:'.''ICtt:±"? ' ,r•::½ette tic ,ttSiw+ I$ ft 

10 11 -<. 

10 10 

,,., 

3 
\ ICELAND SPAR 

10 gi \ 
'i= 
C ( 
~1 

1 Q I 

Cl) 

0 
.c. 

"O 
C 10 7 

c:; 

v; 
C 
0 
I.. ., 
u 10 • 

Cl) -0 

C 10 ' 
,Q ..., 
0 
I.. --C 10 • Cl) 
u 
C 
C 
(.," 

i O 

- (1.00 1.00 2.00 3.00 4.00 
Rec iprocal abso lute temperature, 10 3/ T(C K-) 

Figure 16. Charge carrier 
concentration for Iceland spar. 

<::, 



\ 
I 
I 
' 

w 
CD 

10 
11 

- \ 

\ 
ALBASPHERE 

10 a 
I") 

.,, 

'E 
u 
vi 10' 
V 
0 
.c 
,:, 
C: 1 C ' 
0 

(/J 
C: 
0 
I-..., 
L) 10 1 

V 

-0 .. 10 ° 
C 
0 
0 
I-_. 

10 4 

(.) 
C: 
0 
(.) 

1 C ' · 

10 3 

10 

( 

0.00 1 .00 2.00 3.00 4.00 
Rec\.ir.)col absolute lemperuture, 10 3/T(°K ·~ 

Figure 17. Charge carrier 
concentration for Albasphere. 



u9•HU

Umu(D
U<D »H
U <
o> u 
O
) o 
U 4

h 
(0£ 
c 

o
 o•H

GO 
CO 

^
 
fri 4J 

O 
C 

U 
O 

3 
U 

O
) C 

•H 
O 

U
. 
U

\ 

.:,. 
a 

: 

,., 
'E 
u 
(/) 
Q,) 

0 
.c 

,.,,:, 
C: 
0 
Ir) 
C 
0 .... u 
Q,) 

Q) -0 

C: o • 
e ..... 
C 
Q,) 
u 
C: 
0 u 

i 

\ 

" 

\ 

. 

\ ALBACAR 

0.60 1.60 2.00 .3.00 4.00 
Rec iQ.rocal abso lute temperature, 10 3/ T(°K-) 

Figure. 18. Charge carrier 
concentration for Albacer. 



----=-- -·---...-..-.-.- ·-·- - ----·-··--.,..--·-- -~- -- ..... -~ .-~'%....._ 4- -. -··--··· .~ ........ _.,._ ____ ~.:; ... . ...... - . .... .... - ..... , .. - ........ ... ,- --...• ~ .~~--------· 

\ 
I 
( 

-"" 

n 
IE 

(.) 

Cll 
IV 
0 
.c 
-0 
C: 
0 

.,, in 
C 
0 ... 
() 
IV 
a, -0 

C 
0 -~ 

..... 
C 
Q) 
(.) 
C: 
0 
(.) 

\ \ 
\ ULTRAFINE 

' C \ 
1 
0.00 1.00 2.00 .3.00 4.00 

Recip rocal absolute temperature, 10 3/r(° K-

Figure ·.19. Charge carrier 
co.nce·ntration for Ultrefine. 

,. 



\ 
,..., 
IE 
u 

ui 
Q) 

0 ,, .l: 

,::, 
C: 
C 

en 
C: 
0 
L ..., 
u 

N 
Q) 

'o 
C 
0 :;; 
0 
L --C 
Q) 
u 
C: 
0 
u 

10 11 r~----
, o~ ,a 

I \ 
ALBAGLOS 

10 • 

1 Q I 

10 7 ( 
1 Q I 

10 ° 

10 4 

\ 
.b 

10 

1 ' 
0.00 1.00 2.00 

Reciprocal absolute temperature, 
3.00 4.00 
10 3/T(°K) 

I!' 

Figure -J •• Charge carrier 
concentration for Albaglos. 



10 II 

10 ,.] 

\ \ 
\ ~o a~ 

VICROl\l 
' ' • n 

IE 
I (.) 

vi 10' 
al 

\ I Figure 21. Charge carrier 0 
.r:. concentration for Vicron. 
,:, 10 7 
C: 
C 

{I) 

10 -~ \ < .,, C e -e u 
al a:; 
.... 
0 

10 5 

C: 
0 :g 
L.. ...., -~ 10 4 

(.) 
C: 
0 
(.) 

10 > 

10 • 

10 
\ 

0 \ 
0.00 . , .oo 2.00 

Reciprocal absolute temperature, 
.3.00 
10 3/ T(OK-) 

4.00 



<DB
•iHQ
. 

O
L 

U -H 
O 

(0 
•H 

(0
(4Pi 

0) 
(D 

03 
O -H 
Z

0)03 ^ 
P
i 
O

(0 «-i 
£o
 c o
•H4J 

03 
C 

P
i 

0) 
3 

U 
03 C 
•H 

O 
LL. 

U

"· ' \ . 
• 

I 

I 

r") 
I 
E 
u 

en 
41 

.;' 0 
.c 
"O 
C: 
a 
Ill 
C: 
0 
L ..., 
u 
41 

.i,. 13 

.i,. . ..... 
0 

C: 
.Q ..., 
0 
L ..., 
C 
41 u 
C 
0 
u 

10 11 

L ,c 

10 8 

1 Q I 

10 7 

10 • 

10 ° 

10 4 

10 > 

10 3 

10 

\ 
\_ tvl iSSISSIPPI Lllv1E 

\ 

\ 
\ 

\ 
( 

\ 

\ 
\ 

Reciprocal abso lu te temperature, 

Figure 22. Charge carrier 
concentration for Mississippi lime . 



R°cT-im 1 

cimcFiR-ia

TtP dMPpPLc gLqL Yjyv^lPp %*5VH8 ptfN tyvtPl jPlsy 

DPSPD SLD^Pp Cfl LDD MLDMDqPp pq^gyPg qtL: qtP gLqL fC 

cLlqLU Pq LDu!%8u j^lqtPlU DL LDD dlPpPLq MLpPp jPlsy DPSPD 

DLMlPLpPg Lp L C^LMqDfL qf qPsdPlLq^lP DL qtP qPsdPlLq^lP 

lL:vPY%HH~F 5 hHH~F8 qtP MLpP fC -MPDLLg pdLl Lf MtLLvP

DL jPlsy DPSPD NLp fbpPlSPg NtPL qtP sDfPlLD NLp dlPdLlPg bI 

glI vlDLgDLv DLpqPLg fC NPq vlDLgDLvu oDL0pDLU Pq LDu!D8 LLg 

LLg cLlqL Pq LDu!%8 tLSP LDpf MDLysPg qtLq vlDLgDLv MLL P 

ML^pP dfDIsfldtyM qlLLpDqDfLp gPdPLgDLv ^dfL vlDLgDLv 

MfLgDqDfLpu

RfsP CLMqflp p^Mt Lp PCCPMqySP sLLpPpYs 8 fC qtP 

SLlyf^p MLDMDqPp LLg qtP dlPpp^lP qPls NPlP yvLflPg LLg sLpp 

PDPMqlfL NLp ^pPg Cfl s[u eggDqDfLLD ”5lLI gDC C lLMqDfL]1 fl 

fqtPl qPMtLDX^Pp MLL bP ^pPg qf ysdlfSP qtP LMM^lLMI fC qtP 

UjPlsy DPSPD SLD^Ppu mfNPSPlU qtP MfllPMqDffp ptf^Dg bP 

lPDLqySPDI psLDDu

TtPlsfPDPMqlyM dfNPl NLp gPlySPg yLgDlPMqDI Clfs 

PDPMqlyMLD MfLg^MqDSDqI sPLp^lPsPLqpu RPSPlLD dLdPlp!%.U%h8 

tLSP lPdflqPg fL gDCCPlPLq NLIp Cfl gPqPlsDLDLv qtP 

qtPls5fLDPMqlDM dfNPl P”dPl-sPLqLDDI LLg qtlf^vt 

MLDM^DLqDfLpu TtPpP fqtPl dlfMPg^lPp Mf^Dg vySP lypP qf

SECTION V 

CONCLUSION 

The present data (Figures 24-30) show higher Fermi 

level values for all calcites studied than the data of 

Carta, et al.[2). Further, in all present cases Fermi level 

increased as a function to temperature in the temperature 

0 0 range(200 K - 600 K). 
. 

or the case of Iceland spar no change 

in Fermi level was observed when th~ mineral was prepared by 

dry grinding instead of wet grinding. Plaksin, et al.[l) and 

and Carta et al.[2) have also claimed that grinding can 

cause polymorphic transitions depending upon grinding 

conditions. 

* Some factors such as effective masses(m) of the 

various calcites and the pressure term were ignored and mass 

~ f electron was used form*. Additional x-ray diffraction or ,. 
other techniques can be used to improve the accuracy of the 

Fermi level values. However, the corrections should be 

relatively small. 

Thermoelectric pbwer was de~ived indirectly from 

electrical conductivity measurements. Several papers[25,26) 

have reported on different ways for determining the 

therm-o-electric power experimentally and through 

calculat~ons. These other procedures could give rise to 
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Figure 23. (a} Position of Fermi level as a funct1 on of 
temperature for calc·te (size, ~1so + 37 Mm) 

(b) Position of Fermi level as a function of 
temperature at different grinding conditions 
for c.a lcite (size, -200 Mm; ( 1) , after dry-grinding 
(2), after wet-grinding (3), after wet grinding 
wit.h- . addition of hydrogen peroxide. 

From Pla ksin, et al. and Carta, et al. 
[ 1, 2] . 
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Yc bioRfFngCgnP rermfEeseon Cyv^lPp ptfN RgLLeEeon myraem iL 

h nye FioRfFngCgnP FfECem Nfn nye FfECem myit nye mrse

nEeoR rn ygly nesaeErnfEemD -ye Crvfem EroleR LEis 

'DYU9 .gmmgmmgaag Xgsec ni 'D%Y eY LiE dFevroR

marED -ye Crvfem teEe CeEP Fvime ni nye 'D' eY sermfEeR 

NP brEnr .D en rvD tyi srRe mgsgvrE sermfEeseonm io 

FrvFvneD

'D -ye CrEgrngio iL nye FyrEle FrEEgeE FioFeonErngiom do 

Eevrngio ni nesaeErnfEem myitm nyrn nye srneEgrvm rEe rvv 

mgsgvrE eveFnEiayPmvFrvvP NeFrfme iL nye mgsgvrE jh 

Crvfem Erolgol LEis YDY1 Fs LiE .gmmgmmgaag Xgsec ni 

8D\% 2 Y\:h5 Fs3h LiE dFevroR marED
a

S

%D uEis FrvFfvrngiom nye nyeEsieveFnEgF aiteE Crvfem EroleR 

LEis I1 eY ni IYY eYD -ye Crvfem teEe nyeo fmeR LiE nye 

ReneEsgorngio iL ueEsg eoeElP veCevmD

\

8D -ye FrvFfvrneR ueEsg eoeElP veCevm myit rvv nye 

srneEgrvmc EelrERvemm iL srooeE iL mrsave aEearErngioc ni 

Ne 3o' nPae mesgFioRfFniEmD -ye Crvfem iL ueEsg veCev 

EroleR rNifn LEis 8D^ eY ni 1D9 eY rm nesaeErnfEe dm

doF EermeRD

HH

SECTION VI 

SUHHAB.Y 

l. Conductivity measurement figures show different shapes of 

/ the conductivity curves but the curves show the same 

trend at high temperatures. The E values raAged from g 

2,168 Y for Hissis~ ippi Lime, to 2.31 eY for Iceland 

spar. The values were · very close to the 2.2 eY measured 

by Carta M. et al. who made similar ~easurements on 

calcite. 

2. The variation of the charge carrier concentrations in 

relation to temperatures shows that the aaterials are all 

similar electrophysically because of the similar E g 
-3 values ranging from 1.17 cm for Mississippi Lime, to 

10 -3 4.03 x 10 cm for Leeland spar. 

3. From calculations the thermoelectric power values ranged 

from -7 eY to -11 eY. The values were then used for the 

determination of Fermi energy levels • ..,. 

\ 

4. The calculated Fermi energy levels show all the 

materials, regardless of man'her of sample preparation, to 

be "o" type semiconductors. The values of Fermi level 

ra nged about from 4.9 eY to 7.8 eY as temperature ls 

increased.. 
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APPENDIX I 

DISCUSSION OF INTRINSIC CONDUCTIVITY 

The reason that the ·range ln which~ and Qare 

independent of pressure ls also the intrinsic range is seen 

as follows: 

0 total • 0 therfllal + 0 defecfs 

where V 
n • the total number of electrons in the 
total 

conduction band 

n 2 the number of electrons in the 
therfllal 

conduction band due to the intrinsic 

activation process 

n 2 the number of electrons in the 
de fee ts 

conduction band due to defect formation 

,r--/ 
Equation (6) has shown that 

_/ -1/n 
0 de fee tc;---, p 

At constant temperature, 

2 q K (ntotal) 2 q M (n + K p-1/n) therfllal 

M ls electron mobility 
\ 

If the conductivity is not a function of pressure at 

constant temperature, then 

ntotal'.::: ntherfllal 
Thls is the condition for intrinsic conductivity. 
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dlfdPlqI fC qNf LLqPlDLDpu Ry:MP qtP PDPMqlyM CyPDgp pPq fa 

NP qtP nesaeErnfEe lErRgeon LMq y: qtP mrse RgEeFngio roR 

qtP nyeEsieveFnEgF dfNPl NyDD Ne PX^LD qf qtP gyCCPlP:MP 

bPqNPP: qtP LbpfD^qP qtPlsfPDPMqlyM dfNPlp iL nye doRgCgRfrv 

srneEgrvm

9 I 9c I 9'

uiE Lgogne nesaeErnfEe RgLLeEeoFem Nenteeo nye qNf 

sLqPlyLDpU qtP qPlsy:LD SfDqLvP L:g qtP qtPlsfPDPMqlyM dfNPl
t

LlP lPDLqPg qt1Cf^vt
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APPENDIX II 

THERMOELECTRIC POWER 

The thermoelectric power (Seebeck coefficient) Q is 

defined by the equation 

"Q •, 1111 V/~T 
\._.../AT....,O 

where V is the terminal voltage and .AT 2 T 1 - T2 • The 

coefficient Q ls temperature dependent and is a composite 

property of two materials. Since the electric fields set up 

by the temperature gradient act lo the same direction and 

the thermoelectric power will be equal to the difference 

between the absolute thermoelectric powers of the individual 

materials 

"' 
Q - Q - Q l 2 

For finite temperature differences between the two 

materials, the terminal voltage and the thermoelectric power 

are related though 

V ,. ( T'l. Q dT 

)T, 
.. 
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APPEHDIX III

DATil OP THERMOELECTRIC POWER RMO FERMI LEVEL 

(ICELAND SPAR, ALBASPHERE, ALBACAR, OLTRAFINE, 

ALBAGLOS, VICROH, MISSISSIPPI LIME)

*!

T= 2S0.00C0 ES* 2.210000
IF = 4.F31559 S> .-11.05243

T= EC= 2.210000

IF = 5.261547 0= •10.33843

T-. 350.00C0 EC: 2.210000
EF = 5.592419 P: •9.631525

T= 400.00CO EC = 2.210000

7s 250.OMO EC: 2.249000
EF = 4.990095 0= •11.13053

300.0000 EC: 2.249000
EF = 5.320083 Q: •10.40151

Ti 250.0000 EC: 2,249000
EF = 5.651154 P: •9.887308

T= 400.0000 sc» 2.249000
EF = 5.98?,;54 Q: •9.502474

T= 450.0000 EC-- 2.249000
EF : 6.315965 P= -9.2C4462

7= 500.0000 EC: 2.249000
EF = 6.649446 P: •6.968391

7= 550.0000 EC = 2.249000
EF ^ 6.983675 P= ■6.:74011

•s 600.0000 EJ: 2.24«00C
EF = 7.318444 •8.616677

T= 250,0000 
EF = 4, 9J1559 

T= 

l EF = 5,261547 

T= 3~0.00CO 
! 

I EF = s.snm 
., T= 400,00Cll 

l 
I 

·- 250,0000 ' -

1 
EF: 4, 9900\>5 

T= JOC,COOO 
EF: 5,320083 

!: '.!~M~~O 
EF: 5,65115• 

T= 4'lC ,CllOO 
EF : s.m:54 

T= 450,0000 
Ef = 6,315%5 

·- °S '!0,0000 ,. 
ff : b,649491-

!: :~C.oot-0 
EF = 6,mm 

-i- ·· .. ~vo,0000 . -
EF = i,318444 

APPENDIX III 

DATA OP THE&MOELECTRIC POVE& AND PE&MI LEVEL 

(ICELAND SPAR, ALBASPHERE, ALBACAR, ULTRAPINE, 

ALBAGLOS, VICRON, MISSISSIPPI LIME) 

E~= 2,210000 
a= .-11,05243 

EC= 2,210000 

O= -10,33343 

:C= 2.210000 
(l: -9,531525 

EC= 2,210000 

EC= 2,249000 
O= .g, 13053 

EC= 2,249000 
O= -10,40351 

EC= 2,rnooo ., 

fl: ·9,887308 

'" EC= 2,249~00 
Q: -'?.502476 

EC= 2.2mo1J 
p: ·9, 2~4':62 

!C= 2,249000 
fl: -~ .9baJ91 

EC= 2,2m?O 
[): -£.n"rn 

[~: 2,2401)00 
O= ·8,W,U7 
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C'

T[ 
rj +

VHHuHHxH

.uV2ys

tt--
H“

%u%xHHHH 
5\Hu<3\xV

T“ V.HuHHHH r.“ %u%xHHHH

-j « .u3\%hx% o“ 5xux*.x.V

3“ <HHuHHHH rc55 %u%xHHHH

rj “ huH**hx% n“ 5xu..V32x

T“ <.HuHHHH rc“ %u%xHHHH

rj q huV33.H% H“ 5xu%%|*

3“ .HHuHHHH r.“ %u%xHHHH

rj « hu3\\HVV E[ 5xuHHx+%

Tp ..HuHHHH u. %u%xHHHH

rj “ 3uH<.%\% H“ 52u2\VVV\

3' /^vARvRIaKjvO %u%xHHHH

rj “ 3uV3xx2\ 5huh.H223

Tp %.cuHHHH rc“ %uVHHHHH

rj 55 .uHhhh<\ o' 5\\u%V%h.

3“ VicuiHci r.“ %uVHHHHH

rj ' .uVxhh%x H“ 5\Hu<22h%

3“ V.HuHHHH rc“ %uVHHHHH

rj “ .u3%33H\ /< QxuxhH%.3

3“ <HHuHHHx rc“ %uVHHHHH

rj “ huH.x3HH 5xu.hhVH.

T55 <.HuHHHH rc[ %uVHHHHH

rj “ huVx%.\\ o[ 5xu%h\3HH

T« .HHuHHHH rc55 %uVHHHHH

rj “ hu3%hH<% o55 5xuH\x*..

3“ ..HuHHHH rc[ %uVHHHHH

— rj + 3uHhH%%% x“ 52u2%%<VV

T“ hHHuHHHH rc“ %uVHHHHH

rj « 3uVx*xxHU H[ 52uh.x%VH

T“ %.HuHHHH rc“ %u%h*HHH

rj “ .uH\%hHx °[ 5\\u\hH.h

T“ VHHuHHHH rc[ %u%h*HHH

rj 4 .uV<%.x3 H[ 5\Hu*%2.*]1

3[ V.HuHHHH rc[ %u%h*HHH

rj “ .uh3Vhh2 H[ 5xuxH.3h<

T= J00,0000 £&: 2,290000 
rr = 5,381620 Q: -H,,471'3 

!= 350,0000 EC= i:, 290090 { 

EF: 5,712692 p: -~·, 945,53 

T: 400,0000 EC= ?.2~0009 
EF: 6,0446~2 II= ·9,~S'.!789 

T= 450,0000 EC= 2,290090 
E~: 6,377502 (I: -s·.*4 
T= 500,0000 EC= 2,2:0vOO 
EF : (., 71103~ (1: -s·. 0~~~42 

~= ~50, 0~00 EC= 2,29000~ 
EF: 7,045212 f!: .p,. 813_~'31 . 
;: oOC,0000 .EC· ::. 2900,)0 
EF: 7,3799!! (l: ·S,£5~~67 

!: m.0000 EC= 2,300000 
EF: 5,06M41 P.: ·11,23U5 

j: 300,000') EC= 2,300000 
EF: 5,39662~ (l: ·10,<t,P,62 

'I'= 350,0000 EC= 2,300000 
EF: 5,727701 Q: ·9,9M257 

j: 400,0000 EC= 2, 300000 
EF : U59700 (l: ·9, 5eb305 

T= 450,0000 EC= 2,300000 
E~: 6,392511 p: ·9,261700 ., 

T= 500,0000 EC= 2,300000 
EF = 6,7260~2 p: -9,019<5S 

T= 550,0000 EG= 2,300000 
EF: 7,060222 ll= -8.822433 

T= 600,0000 EC: 2,300000 
EF: 7,3Wl90 \ I): ·8, 659230 

I I 

f: 250,0000 E&= 2,264000 
EF = 5,012609 II: ·11,16056 

T: 300,0000 EC: 2,264000 

EF : 5,342597 Q: ·10.,,C'2~5A ' 
. <____,, 

T• 350,0000 EC= 2,264000 
EF: 5,673668 II= ·9,9M764 
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I

Ts l^'.ODOO ESs 2.244000
EF » 4.M544I D> •9.52124?

1- 450.0000 ESs 2.244000
EF « 4.33*47* Os -9.221450

Tt 500.0000 ECs 2.244000
EF » 4.472000 Os -*.983410

T» 550.0000 EOs 2.244000
EF * 7.0041ft* Os -8.789445

T= 400.0000 ECs 2.244000
EF = 7.34005* Os -*.429193 ■

t- 250.00CO ECs 2.2/'JUU0
EF » 5.021414 Os -11.1725*

300.0000 EC* 2.270000
EF * 5.351402 Qs •10.43*55

T- 350.0000 ECs 2.270COO
Ef = 5.4*2473 0* -9.917344

T= 400.0000 EC* 2.270000
EF * 4.014473 0= -9.52*75*

450.0000 EC* 2.270000 •
EF t 4.3474*4 0= •9.22*325

T» 500.0000 EC= 2.270000
EF » 4.4*1014 Qs •*.9*9417

550.0000 ECs 2.270000
EF = 7.0151V4 0* -&.795127

• • 400.5300 EC= 2.270000
7.24»?43 0* -*.434199

:= 250.0000 EC* 2.310000
• EF = 5.0*1451 R= -11.2524*

' T* 300.0000 ECs 2.310000
EF » 5.41143* Qs -10.50530

Ts 350.0000 ECs 2.310000
EF = 5.742710 Os -9.974541

T-- 400.0000 ECs 2.3^500
EF s 4.074710 Ps -4.57M21

'•m 450.0000 . ECs 2.31COOO
EF * 4.407520 Cs -0.272324

•t '500.0000 EC- 2.310000

EF s 4.741051 Os -9.02^44*

T* 550.0000 ECs 2.3100C0
EF 1 7.075231 Ps -*.*31534

T: 4')~.0000 ~· :,264000 
[F = 6,00546! D• ·9.521249 

T= m,0000 R= 2,26'000 
EF = 6,331476 O= -,.221.m 
T= 500,0000 E~= 2,2t,4000 
EF: 6,6noo, O= -a._933410 

T= ~0.0000 EG= 2,2t-'000 
EF = 7,006114 O= ·&,789665 

T= 600.0000 "= 2,26&!100 
!F = 7,340958 Q: ·1.629!~ 

T= 250,00CO [;: :.~1JIIUO 
EF: 5,021614 I!= ·-11.112sa 
T= 300,0000 EC• 2.270000 
Er : 5,351602 Q: -10. ~ 
.. 350,0000 ,C: ~.270~00 ,. 
tr: 5,68267J ll= ·9.917J46 

T= 400,0000 EC: 2,270000 
El' • . . o,014673 p: .,.m,7~a 

,._ m.o~o EG= 2, 270000, .. 
EF = 6,347•&4 D= ·9,22tZ25 

T= ~00.0000 !C= 2,27000C 
EF: U&l014 O= -!,mm 

·= 550,0000 ES= 2,270000 
EF: 7,015194 Q: -a.mm 
~= ~t)0,0000 se~-_.,. 2,210m 
~r = 1.2mt.:i Q: -~.634199 

.., 
T= 250,01)00 zC= 2,31W}O 

.. !F: 5,0516~! (l: ·l\.2~26! 

l ~= 31)0.0000 !C= 2,310000 
EF = 5,41163& Q: ·lC,5~530 

I 
.. 35C.~01)0 EC= 2,3lOCOO . . 
EF: s.mm D= ·9. ~7l561 

T= 4CO,COCO 2C= :.31_,:o,J 
tr= (.,074710 p: -9,57M2l 

·, .. :~o .0000 . r;= 2.mooo 
' ··-EF: ·(',407520 (:: ·". 272:\24 

·= "50') ,01)00 E;: 2.mooo 

I 
EF: ,.1m~1 Q: ·9,01~4'b 

T= 550,0000 E;: ? . 31~•}CO 
EF u-7,075231 fl: ·&,13\~3ci 

..,____. 

.. 64 •I 

,. 


	Han_1
	Han_2



