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High Temperature Electrlcal Conductiv1ty of Non-stoichiometric
Gadollnium-Gallium Garnet Single Crystals

L. F. Donaghey and Conrad L._Wright+
" Inorganic Materials Research DiviSiQn-of.the
Lawrence Berkeley Laboratory and the
Department of Chemical Engineering of the

University of California, Berkeley
‘Berkeley, California 94720

Abstract

The eiectrical conductivity:of single crystal gadolinium-
.gallium garnet in the [211] direction was measured in the
temperature interval from 1073 eo 1700°Kvand in oxygen partial
pressuree_from 16ﬁ;8 to. 1 atm; Intrinsic, doubly ionized anion
vacancy defects predominetevat high temperatufes (above 1538°K at
_P02 = ] atm), with eg act}vation energy_for_conduction Qf 5 er.
Below approximatelyvi538°k the extrinsic-conductivity 15 n—type
ﬁith an epparent activation energy of 2.60 + 0.11 eV . The
conduction mechanism in the extrinsic region is probably controlled

‘by triply ionized gallium aﬁd'aluminum intersticials introduced

during Czochralski crystal growth.

+Present Address: Hewlett-Packard Co., 1501 Page Mill Rd., Palo Alto,
California.



Introduction

Gadélihium gallium garnet (Gd3Ga5012 'orvGGG) is an important
substrate material utilized in the epitaxial gfowth of ga;net thin
'films for application in magnetic bubble aomain memories. The
absence of fe:romagnetisﬁ in this compound, the high optical‘

transmission throughout the visible spectrum, and the lattice

parameter comparable to that of ferrimagnetic, rare-earth substituted

.gafnets make this compound an ideal substrate matérial for magneto-
opticél thin fiim device.applications; As defeét structu;es in the
substrate material can interact with the magnétoéoptical properties
of epitaxial thin films, a knowledge and thofough characterization
of the defectbstructure in GGG is impbrtant to the succeés of device
applidations.  Lack_of cbnfrol'bver cation stoichiometry during crystal
-grdwtﬁ.can lead to precipitation of secondary phéses du{ihg annealing,

» wﬁile divalenﬁ dr’tetraﬁalent impuritieé in.the éoﬁrce chemicals |

or introddced.by contamination during cryéfél growth can stabilize

point defects in the lattice and ﬁroduce unwanted consequences in
optical and_maghetic properties. | |
'The‘electrical propefties of garnets and érthofefrites are
potentially psefﬁl as a sémi-quantitative ﬁethod for determining
their.cﬁemicél purity'witﬁ respect to‘impurities which compensate
magnetic jons (1). When chemically s;oichioﬁeﬁrié the magnetic
garneté’and orthoferrites are highly insulating with room temperature
resistivities in exceés of lO12 ohm—ém . When these crystals are

doped with di- and tetravalent ions, however, the resistivities



drop ﬁarkealy to as low éé 104 ohm?ém with aslliﬁtle as 10_3 impuritf 
molés pér formula mole 2).: Thﬁs, the measurement of electrical |
reéistivity can be'employed in aéséssing the iﬁpurity céntent in
591ution grown and chemically vapor'déposited magnétic oxide filﬁs.
‘ Elédtrical'transport studies have yielded.ﬁseful informatién about

the density of laftice'defeCts (4)._'15 the literature, ho@ever,

there are few réporté 6n thevelect;ical éondu;tivity of rare-earth
oxides. Tare and Séhmalzreid (5) have reportéd'pfedominantly ionic .
coﬂductivity in rafe—earth sesquioxides while Noddack and Walch (6)
-have found.electronic conduction to predominate,in.several rafé—earth
.oxideé. The efféct of Sn 'dopingvbn the electrical conducfivity of
Cd: add va orthoferrifes was studied by Wood et.al; (2). These
authors report a’decféase in the room temperatﬁre eléctrical
‘-resistivity from fle12 to '\»104 ohm-cm with increasing Sn
concentration. |

Thé gffectsvof Caz+ and Si4+ ion doping on opfical énd

~electrical properties of»YIé were studied by Woodiand Remeika (3);
These‘ioﬁs.producé charge compensating re*t " and Fe2+ ;ions,
respectively, from the normally Fe 3+ ions,.fhereby increasing

the electrical conductivity by an electron hopping mechanism. Thé
electriéal resistivity for both Ca and Si .déping decreases -
linearly with impurity concentration to '\4106 ohm~-cm for 0.002
impurity atoﬁs per formula. Further inctease'iﬁ impurity content;
however, causes a change in point defect equilibrium or in the

conduction mechanism, as the electrical conductivity becomes assymptotic




to %105 ohm—-cm .buThe'cenductivity is p-type Qith ;Feé+ quns; and
n-type with Fezf ions present, as determined'by ﬁeans of the
thermoelectric effect. rElectronic conduction in rare-earth containing
| garnets undoubtedly invoiﬁes the 4f—e1ectrons; and the width of theb
band gaﬁ should be related te the_number of filled 4f-shell orbitels
In tﬁe present study the conductivity of Czochralski—grown single
crystal GGG was studied as a functlon of temperature and oxygen
partial pressure in order to establish the defect equilibrla, the

activation,energies for conduction, and the conduction mechanism.

Experimental

The Gd3635012 " single crystal material used in this stddy was
"prepared from 99 999% Ga2 3 and 99.9% Gd203+ posders whicp were
induction heated in an Ir crucible within a ZrOz_ enclosure
eopteining-a »NZ_—vOZ gas mixture containing ;0015 to .002 atm 02.T+.
:A stainless steel seed hold was used to support a <111> orientation
crystal qf Gd G35012 . Crystel growth of a 2cnm diegetervcrystal

' by the Czochralski process was then carried out at a rate of

1/8 inch/hr. The major source of 1mpurity elements in the final
crystal is the 2 3 source chemical. ' The maJor impurlties in this

- reagent are other rare-earth oxides. According'to the supplier, the

. . .
Allusuisse, Switzerland

+Research Chemicals, New York, N.Y.

++Union Carbide Corp., San Diego, California



‘concentration of the major tetravelent ion, silicon, is less than
.005% by weight of oxide, and that of the.major'divalent ion, cooper,

~ appears in a lower concentration.

,Single c:ystallspeCimens with dimensions 0.1 cm X 0.2 cm X 1.8 cm

and with the axis of the long dimension parallel to the-[llbi
efyetallographic:direction were cue from a single cryetal g:oﬁn'fram
the melt by tﬁe Czoehraleki process. The results of an eﬁission
spectrographic analysié of the single crystal source meterial is
summarized in Table‘l.. The specimens were éolished to a 1 micron
finisﬁ ueing'successively finer grades of'silieon'earbide laps and
diapohd paste. 'Afﬁer thorough ﬁaehihg of_the.samples, reeidual
organic material wae temeved with ethyl alcoholkfollawed by warm
air drying. The specimen wasethen mounted in theiconductivity
eppafatus shown in Fig. 1 with 0.010 in. diam.'standafa gradevplatinum
wireevwrapped around the ends of the'epecimen.fo form the current
leads, and 0.005 in. dia. platinum wires spaced 1 cm apart wrapped
around the sample between the current leads to form potential probes.
Electrical conductivity measurements-were_performed using a |
fouf point probe d.c. technique with a PAR Model 162 eleetrometer
and_stahdardvvoltage cell within a completely shielded circﬁit shown‘.
in Fig. 2. High isolation, low conductivity reed switches were
employed to isolate the current and voltege circuits of the cell
. and to ailowvsequentiel measurement of both curfent aed voltage with
the saﬁe electremeter. The par;ial ptessureiof oxygen within tﬁe ceil

was controlled by a mixture of pure gases to form a dynamic atmospheres
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Table 1.

- Mass Emission Spectrographic Analysis of
Czochralski-grown, Single Crystal Gd3Ga5012

element concentration as oxides (ppmo)
Ga - B Principal constituent
.Gd ' " Principal conétituent
Al ‘ o 40 ppm
Ir _ N. 0.7 (0.05%)
Pb N. D.+ (<100 ppm)
s1 | N. p.7 (<.005)
Sn N. 0.7 (<0.012)
ca ' N. .7 (0.002%)

* . ' : . : .
American Spectrographic Laboratories, Inc., San Francisco, California.

+ S : : v
Not detected. The limit of detectability is given in parentheses.
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of.pureloxygen, oxygen-argon mixtures,'éarbon dioxideQargon mixtures,
and mixtures of carbon monoxide and carbon:dioxide, The thermal
~ diffusion effect was minimized by maintaining a gas flow velocity

of 1 cm/sec with all gases  individually calibrated for each gas (8).

The gases.wefehmixed in a packed column cbntéinihg_glass spheres prior

to entry into the conductivity,cell. The partiallpfessures for

'vérious'gas mixtures was calculated. from known thermochemical data (9).

Several'regions of the P, - T 'diagréﬁ are inacceséible with

_ 02 - Ar - Co - CO2 gas mixturés, and réquire‘speqial buffers:fdr

0

achieving desired oxygen partial pressures. The inéccessible ranges
in 1log Po' increase with decréasing'temperature;
2 . o ‘ o
Measurement of conductivity was carried out at various

° :
K in the following manner:

temperatures between 1073°K and-1700
'Fdllqwing gquilibfation at a specified témﬁerature the reed
switches connecting thé electrometer to the current probes weré
clbsed,aapplying a potenfial across the sample. Thé pdtential drop
along the samﬁle.was thén measured by»opeﬁing theICurrent ciréuit
reed switches;.then closing the reed switches in.thebpotential
circuit. The direction of currentvfloﬁvwas then reversed and the
measuréments repeéted. Conductivities were measured at equilibrium
Statésfépproachedffrom highér éxygen partial pressures as well as

from lower partial pressures to provide a check on the state of

equilibrigm.‘

i e e

O U OO




Results and Discussion

The dependence of the electrical conductivity.of Gd3G35012
on reciprocal absolute temperature is shown in Fig. 3 for fixed

mixtures of Ar - O, and CO - CO, . The slopes.of these functions

2 2
is insensitive to either gas comﬁosition or temperature over the
témperaturevinterval below appro#imatelyIISSOfK . At higher
femperatures, however, the slope becomes more negative, and a change
in majdrity.carrier £ype océurs in.the partial preésure region
between 1 atm 02 and '10—5°5 atm 02'. The conductivity is n-type
at low temperaturés and decreases with increasing oxygen partial
pressure of ;he ambient gas, whereas at high temperature and near
1 atm O2 ‘the conductivity is p-type and incfeases with iqcreasing
>oxygen partial’pressure. The transition from n-type to p-type
conductivity occurs at 1538°K for an émbient.atmospheré of 1 atm O2 s
and at increasing temperatures'as the oxygen pértial pressure in the
' aﬁbient gas decregses. Measurements on two samples agreedvto_within
8Z‘in the low temperature range. The data in the high temperature
was less reliable because of rapid decompositiog of the sample in
low oxygén partial‘pressure gases, and because of thermochemical
reéctions bétween the sample énd the platinum contacts.

.The electrical conductivity data indicages a transition from
intrinsic to extrinsic control of fhe conduction process as the
temperature is lowered. The effect of aliovalent'impufities on the-

‘conduction process is often observed when the temperature is lowered

“to the point where the concentration of thermally generated defects
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becomes comparable to that of aliovalent impurities. Beio& this
témperature the conduction process becomes dominated by the fixed
ihpurity_concentratioh. The conduction mechapism for the léwef
temperatufe‘SIOpe»is attributed to impuriéy of intrinsic-type
conduction through interstitial ions, and the high temperature slope
attributed to intrinsic-type conduction ass001ated with anion

vacancies,

High Temperature Conduction Rangg

If the defects structure. of Gd3Gd5012 behaves as a simple

sesquioxide, 2 3 and_if the effect of decreasing oxygen pressure
is to create anion vacancies in the lattice, then the predominent

defect formation reaction is.
- B 1 . n+ - - .
: 0=<-0 +
. 2 72(8) : 1

with the equilibrium constant,

The simplified electroneutrality condition is
- [n¥ .
o n[on] T 3

and the electrical conductivity expression becomes,
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-1
- - (14n)
o=qule] = que[nKlPo;/Z]_ o

where q and Mo are the electronic charge and mobility, respectively.

The standard enthalpy of formation for: this nonstoichiometric
defect‘réaction;‘"AHi , 18 related to the equilibrium constant by

the well-known expression,
0 | 0 ' ’ v '
K,a exp (ASl/k) exp (—AHl/kT> . - (8)
If the electronic mobility ue._is éssentially indepehdent of
: tempefature, then AH? can be calculated from fhe expression,

(o]
o

‘d1lno

ermams o ©

The oxygen vacaﬁéy charge n was determined'from the conduc;ivi;y
dependehce dnvoxygén partial preésu:e, Eq} 4. Thg measﬁrements"
obtained iﬁ_tbié study show that C yaries as PE;/Y/with ; = 6
in the“temperéture range between 1550°K and 1650°K,.bht at higher
temperature fhe‘¢oefficient .Y decreased towafd 5. This chaége is
ﬁossibly ihfluencéd by decémppsition.of the sample and to reactions .
between the sample and the Pt electrodes invthe_low oxygéh péx;ial
preésure range. For the temperature range in_whiqh Y‘¥;6 the
oxygen vacénqy charge state is n =.2 and the activatioﬁ enthalpy
lfér the defect function réaétion; Eq. 1, is found to Be AHi > 5 eV .

Similar results have been reported for rare earth sesquioxides

(iO).‘Tare énd Schmélzreid (5) have reported n-type conduction in

4)

e e b L
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Sm203 on the basis of emf measurements at low PO pressures.
- : 2

Schwab and Bohla (11) and also Tallan and Vest (12) found similar

evidence for n-type conductivity inv‘Eu203' and Y203 . and confirm

the P61/6 dependence of the conductivity.
2 |
‘The dependencevof conductivity on Pal/y ‘'where Y < 6 can
2

indicate that sevéral defect types are present. The value of vy

équal té 6 is strictl& true only for a parabblic conductién band

modéi With‘nondegenefate carrier concentration.v The theory of

heavily doped semiconductors, however, predicté that the donor -
_ionization energy‘decfeases Qith donor cbhcenttation'(l3), and this
effect has been observed in Ge (14). Also,‘studies of nonstoichiometric
Ce1+x02 HaQe shown fhat a combination of‘singly and doubly ioniéed
okygen vacancieg, or qﬁadruply ionized cerium interstitials give

rise to. Y = 5, whereas singly ionized oxygen vacancies or triply

ionized cerium interstitials cause Yy = 4 (15).

Low Temperature Conduction Range

The logarithm of the electrical conductivity of Gd3Ga5012 in
the low temperature range is shown in Fig; 3 as a function of
vreciprocal absolute temperature. The phenomenological activation

enthalpy in this temperature range is

o d &n o
M - dam B

The activation enthalpy for the data in Fig. 3 was found to be
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2.60 + 0.11 ev , independeht of the buffer'gas compositiqn.

The isothermal dependencebof ‘ioglo on fhe logarithm of the
oxygen parfial ﬁressure was determined by‘calcplaﬁiﬁg the oxygen'
partial pressufe for éach ambient gas mixture at specific températureé,
and these data are sﬁown in Fig; 4. The isothermal variation of O
with POZ- aﬁ fhe fixed témperatures can be expressed.§yithe following

' equations:

o .
2
. '7 °
o(T = 1173 K) = 1.748 x 10 PO(IS o7t
: , |
(8)
L] i )
o(T = 1273 K) = 1.373 x 10 p0(13 29)
‘ 2
o(T = 1373 K) = 6.456 x 10~ Po(ll 47)
' 2.
If o is éxpressédvés a function of PSI/Y , then Y varies from

19.18 to 11.47 in the above temperature range.. Therefore, the
.conductivityvin this range is n-typé, but relatively'insenéitive

to oxygen partial pressure. It should be noted that a dependence

-1/y

0,

in other high band-gap oxides. The value of Y measured for CdoO.

of © on P where Y 1is much greater than 6 has been observed
ranges between 6 and 14 (16-18).

Chabges in the activation energy for electronic_conductivity
with decreasing temperature are usually associated with the effects

of aliovalent impurities on the prevailing defect equilibrium required




-15-

log o (ohm-cm)

20 -16 -2 -8 -4 O
log Poé (atm)

XBL739-1891

Figure 4. Isothermal dependence of the electrical coﬁductivity on
oxygen partial pressure
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for electroneutrality ih the crystal. Aliovalen; iﬁpurities were
- not &etected in the experimental_sample'by emission spectrographic
éhélysis, althodgh thesé impurities could still be present at leveis
below the limit'of detéctaBi1ity by tﬁis methéd. ,The'oniy detected
impufity, alumihum, is notvaliovalént. |

The Gd : Ga rate in'the crystal is expected td:give risé-to:
the.oﬁserved low teﬁperaturé slope of log 0 versus '1/T by the
introduction of interstitial catioms, or cation‘vacéncies into the
crystal. Only interstitial catioﬁs will produce ﬁﬁe pbsefved n-type .
éonduétivity,'however; and based on ionic radii a étoiéhiométric
excess of Ga3+ or Ga1+ interstitials is_ﬁOSt likely. Similarly,
the aluminum impuriﬁy would be egpected to 6cgﬁpy interstitial sites.

A,non—stoichiometfic excess of Ga, 0, is added to the melt for

273
Czochralski cfys;alvgrdﬁth-of Gd3Ga5012 to compensate for the
dissociation of_.Ga203 into Gazo(g) and 02(9) at the melting

(-]

ﬁoint,12023 K, a major problem in'the-crystal gfowth of this compound.

Witter (19) has used the measurements of Frosh.et al. (20) on the

partial pressure of Ga,0 in equilibrium with Ga,0, .and _Ga(

3
to estimate the oxygen partial pressure (.OOB'étm)_which'will

L)

minimize GaZO loss during crystal growth. Nielsen, however, has

repbrted that successful crystal growth of Gd3G35012 ‘requires

0.02 atm'O2 (21). Therefore, the non-stoichiometric gallium content

should decrease along the Gd_,Ga_O crystal.

375712
3+ 3+

If Ga or A%”" interstitial ions are present in the lattice

in excess of the ionized anion vacancies produced by defect formation
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reaction Eq;'l, then thévelectroneutrality condition is

3[ca'ﬂ +3[M§+] - [e;_:]v | o ®

and the extrinsic n-type conductivity éxpressibﬁ;

S N ™

is independent of PO until a sufficiently low oxygen partial
. 2

pressure‘is‘reached that anion vacancies dominate the Chargevneutrality
condition. ' Attempts were made to deduce defeqt ﬁechénisms thch
yield values of Y‘Iin fhe range of ll.to 20, but these remain
spéculative. It is also possible tbat the observed variétion in ©
- in the low temperature reégion is caused by a dependence of the mobility
ue on‘the anion ﬁgcancy cqncentration. | |

A scﬁematic representation of the dependenée of the electrical
conductivity on inverse abéolute tempefgture and oxygen partial
preésure'is‘shown‘in Fig. 5. Tﬁé total conductivity is defivedbfrom
ex:rinsié, elecfronib and hole conduction mechanisms in d}fferent

~regions of (}/T,PO ) space. The total extrinsic conductivity,
. 2 . : ’

o] ie independent of Po in the ideal, whereas the electron

2 .
and hole conductivities o, and g, are pfoportional to I"-llY
: © ® ' 10y

ext °*

+1/y'
0,

conduction modes exhibit an Arrhenius-type temperature dependence at

and P , respectively at constant temperature.' All three

constant P0 , with apparent activation enthalples. AHext s A%a

S 2
and l.\HQ which are also independent of P and T . The total

% - .
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 Schematic_dependence.of the logarithm of the total

conductivity versus log P -and 1/T , with ¢

2 ext ’ %a

and %B representing extrinsic, electronic and hole

0

- . conduction mechanisms’
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conductivity is then

AHext -_ AHe o ; A&
o = 0 kT + 00P 1/Y kT + 1/y' kT

i‘ .oext € ' © 0, € OGP o (1,1)
.Tﬁe gxﬁérimentally measured conductivity data for Gd3Ga5012 is
supefimposed_on Fig. 5 to show the high and low temperature regions
and the change in conductivity type observed. From the properties
of this diagram it is‘anticipated that a transitién from extrinsic
to intrinsic electron condﬁctionbshduld be observed at very low
oxygen partial pressures, and that p-type hole conduction should be

observable at oxygen pressures in excess of one atmosphere.

Acknowledghent

The financial support of the U.S. Atomic Energy Commission
is gratefully acknowledged. The authors wish to thank Kenneth Ceraghty

for assistance in varifying the experimental measurements.



Fig. 1:
Fig. 2:
Fig. 3:

Fig. 4:

Fig. 5:

-20-

List of Figpres
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