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Study of electrical conductivity of gadolinium gallium
garnet single crystals
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The electrical conductivity of gadolimum gallinm  garned. singlo
crystals was measured as a function of tempersture and followmg
ambient atmospheres - aw, N,. mrgon and vacnum (10-2 Torr) The
room {omperature conductivity . air is observed to depend upon
the thermal listory of the sample  On leavmg the sample eaposed
to air for 12 hours or more at room temperature the olecirical condue-
tivity is of the order of 1073 Q-1em . After heating the samplo
at, 500°C or moro in sn the value of the eleetiical conductivity at
room temperature is about 1072 Q-1cem-!  Eleetrical conductivity
o versus 1/7' curves obtained with o sample which, has been given
heat treatment montioned above can be divided into two regions,
when moasurements are made under air, N, and argon At lower
temperatures (room {emperature 1o ~ 150°C) the conductivily is
[ound to decrcaso with inerease in tomperature. In the higher tem-
perature rogion the conductivity increases with increase in tempera-
turc. The eleclrical conductivity plot consists of two straight lines
with activation onergy, £(7) = 1-76 ¢V and F(1l) = 1-52 oV m the
temperature regions 250 -100°C and 400-500°C, respectively m air
ambient atmosphere The rosults of measurements of clectieal
conductivity under vacuum arc different from the results described
above for measuroments made under air, N, and argon.  The condue-
tivity is not found to decrcase with increaso in temperature m any
temperature region. The electrical conductivity plot consists  of
four straight linos with values of activation energy K(I) == 1-85 ¢V,
E(l)=131 eV, E(III)= 170 ¢V and E(IV) =138 ¢V in the
temporature rogions 220-280°C, 280-320°C, 320—405°C and 405-600°C,
respectively. If no heat treatment 18 given to the sample the cov-
ductivity plots are different in heating and cooling cycles. This
hysteresis like behaviour disappears after the first heating and cooling
cyclos.

1. INTRODUOTION

Garnets havo proved to be of great importanco in the field of devices like magnetic
hubble momories (Gianola ef al 1969) and lasers (Geusic e al 1964). Nonmagnetic
garnets, particularly, gadolinium gallium garnet (GGG) have been extensivoly
used as rubstrate muterials in magnetic bubble memory devices. Although
considerable amount of work has been reported on the growth of single crystals
(O’Kane et al 1973) of these materials and study of their crystal perfection
(Mathews et al 1973, Stacy et al 1974, Krishan Lal & Mader 1976) but. very littlo
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has been reported on the study of their properties. In an attempt to under-
stand the physical properties of GGG, we have studied diclectric properties
(Krishan Lal & Jhans 1977) and electrical conductivity of GGG. Thermal
history and ambient atmosphere during measurcment has spectucular offect
on the clectrical conductivity even at room temperatur. . Therefore, wo have
studied tho cffect of ambient atmosphere and thormal history of the sample
on its clectrical conductivity. Some results of these investigations are reported
m this paper

2. EXPERIMENTAL

GGG smgle crystals used in this nvestigation are grown from melt by
Czochralski method.  These were obtained by one of the authors (Krishan Lal)
by cowrtesy of IBM, Thomas J Watson Rescarch Centre, NY  Measurcments
were carried out along [111] diroction on (111) dise shaped wafers Platimu
eloctrodes are coated on the two faces of the sample using the Englehard platinun
pamt and heating the sample at 700°C for 10 minutes

The samplo holder nsed in these investigations is the same as deﬁcribnd\
carher (Lal & Pahwa 1971)  This sample holder permuts the measurements \
under any desired gas or vacuum at or above room temperature

The electrical  conductivity of GGG smgle erystals is of the order of
10726 Q-1 em™ at room temperature which cannot, be measured accurately.
Therefore, electrical conductavity of GGG simgle erystals was studied [rom about
500°K to about 900°K.  EHoct of ambient atmosphero, viz. vacuum (10-2 Torr),
arr, pitrogen and argon on eloetrical conductivity was also studied

3  RusuLts

Rosistance, R, of the samples was measured as a function of temperature,
T (°K), both when the temperature of the sample was inereasing (room tempera-
ture to highor temperatures) and when the temperaturo of the sample was
decreasing (lugher temperature {o room temperature). TFigure 1 shows {ymeal
log 1/R versus 1/7 curves for experimental data recorded in heating and cooling
cycles  Curve L 1s obtained when the sample is heated from room temporaturd
to 900°K (first heatwng eycle) The sample was coolod from 900°K to room
temperature and measurements made in the cooling eycle (first coolmg cycle)
are plotted as curve 2 To sce the cffect of thormal history of the sample,
measurements wore again made as the sample was heated to 900°K and from
this temporature 1 was eooled to room temperature In the socond heating
and coolmg cycles the exporimental data points were found to approximatoly
fall on the socond heating cycle. Therefore, this has not been plotted as a
separalo curve

Curve T consists of four straight lines with dufferent slopes. The tempera-
ture regions of these straight lines are 490-553°K (1), 553-593°K (II), 593-678°K
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(TII) and 678-900°K (IV). As 1 obvious the different, curves obey  Arhenius
rolation, o 00 e~E/ET. The value of activation energy, £, was determined {rom
the slopos of these curves Tho values of activation encrgy. E. {or duferent
ourves are, F(I)=185 ¢V, E(JI) = 1-31 ¢V, E(III) =170 oV and EUI)
= 1:38 eV m the temporature regions 1. 11 111 and 1V, respectively
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Tig. 1. Two typieal log 1/B voisus 1/7' curves during hoaiing and coolng cycles for GGG
m vacuum

Hysterosis is observed in the heating and cooling curves (Curves T & IT of
figure 1) Resistivity is higher during heating cyecle than dwring cooling cycle.
In curve 2 and subsequenti heating and cooling eycles the conductivity p]ot.m
a singlo straight linc. The slope of this line gives an activation cneigy value
125 eV

In another expermont while cooling the samplo the sample was held at
623°K for about five hours, The conductivity of tho sample showed no chan
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with time This was done to study the kinetics of transition f:rom the state of
sample aftor first heating cycle to the state of sample before i, Moreover,c it
ulso provided informalion whether below the “PP‘”"’_‘{* ]fuec temperature (678K
in eurve T. figuro 1) the charge carricrs were at equilibrium or not, The result
of this expermuent shows that the charge carriers aro at cquilibrium at these
temporatures  Also the sample does not go back to is conductivity state that
existed just hofore tho firsi, heating cycle.

Proliminary measuroments showed that if the measurcments of electrical
conductivity of samples are made under ajr atmosphere 1here is a spectacular
change in oloctrical conductivity, This showed that the eloctrical conductivity
of these materials 1 significantly influenced by the ambient atmosphore. We
have mado detuiled investigations of this effect Electrical conductivity measuro-
ments were made under 1l lollowing different atmospheros : (1) air, (2) nitrogen
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Fig. 2 Two typieal log 1/R versus L/T curvos during hoating and cooling cycles for GGG
with air ambiont atmosphore,
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and (3) argon In this paper wo shall duseuss in dotail the results obtained
with air as the ambient atmosphere

Figure 2 shows two typical log(1/R) versus 1/ eurves with air as ambsent
atmosphere. Curve L is the first Leatmg curve and consists of two straight. lines
in the temperaturo regions 523-673°K (region I) and G73-800°K (region 1T).
The values of activation cnergy, F is found to be 176 ¢V in temperature region T
and 1-562 eV 1 the temperatuge region 11 While cooling the sample after first
heating eyele, the conductivity plot consists of one straight lime  "This 1esult is
simular to that observed m the carlior case (figure 1).  The value of activation
encrgy 1 the cooling cycle 15 125 oV the some as observed catlior (figuro 1).
Conductivity is higher during cooling cyele than during heating cyele

An interesting feature of these rosults s that the presenco of ar alters the
conductivity behaviow of GGG in a very sigmificant manner as compared to
its conductivity behaviour under vacuum  While cooling under arr from 800K
there is a charactoristic temperuture at which the conductivily of the sample
starts mereasing with docrease m temperature (ewve T1 in the temperature
region 430°K to room tempderature). This charactoristic tomperature 1 403°K,
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Tig. 3. A typieal log 1/R versus ¢ (time of exposure to ar) carvo,
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in air as ambient atmospherc. After the first healing cycle the room tempera-
ture conductivity of the crystal increases to 10-12 Q- cm~, as compared to its
conductivity value 10-6 Q-1cm-1, just before this experiment. However,
after the sample is removed from the sample hclder and exposed, to air 1t slowly
rogains its highly insulating statc. This process takes about 12 hours of cxposure
to air. We havo studied the change of resistance of the sample as a function
of time of exposure to air after it had undorgone one heating cycle under air.
Figuro 3 shows the change in rosistance of the sample as a function of time of
oxposure to aur It follows a relation o co e#T where t is the time of
oxposure and 7' 18 the tuno constant of the process. The value of timo
constant 13 found to bo 2 hours 20 minutes as calculated from figure 3.

Thoe electrical conductivity of GGG was also measurod with N, and Ar as
ambient atmosphere. The general variation of electrical conductivily with
tomporature under thesc ambiont atmospheres is similar to that as obscr{‘red
under air (figure 2).

4. DisoussioN

Extensive work has been reported on the study of electrical conductivity
in doped ferrimagnotic garnets like yttrium iron garnet (YIG) (Elwell & Dixon
1968). In YIG the eloctrical conduction is considered to take place through
hopping of olectrons. In this case hopping conduction mechamism is visible
due to the possibility of exchange of olectrons between Fe?t and Fet ions located
at oquivalent crystallographic sites. In the present case a changp of valence
in Ga or Gd 18 not expected. Secondly, GGG has very low conductivity at room
tomperature which rulos out the change of valence of Ga or Gd

The optical absorption spectrum of GGG has shown that il is transparent
upto ~ 3200 A The values of activation energy F in ithe cxperimental
temperaturc range suggest that the observed conduction is not due to interband
transitions.

Recent work has shown that incorporation of Ar gas atoms give rise to color
contres in molybdenum doped YAG (Kvapl et al 1975). These color centres
arise mainly due to tho change of valence of Mo. The change in valence can
give rise to conductivity by hopping mechanisms Samples used in the present
work were analyzed carefully by spectroscopical method. No significant con-
centration of impurities like Mn, Fe could be detected. “Therefore the hopping
mechanism is not likely io be responsible for conduction in these crystals.

The offect of atmosphere shows positively that presence of gas atoms
influences the conduction in these crystals. We arc not aware of any data on
diffusion in those erystals. Therefore it is not possible to give a definite mecha-
nism of conduction in these crystals at this stage. All this data, however, suggests
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conduction taking place due to ionic transport in which presence of even inert
gases like argon helps. The charge carriors are normally in aggregates at room
temperature and they dissociate only on heating at 678°K and above. The

aggregation obeys a simple monomolecular law with a fairly long time
constant.
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