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Electrical properties of yttrium iron garnet at high temperatures
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The dc electrical conductivity (cr) and the Seebeck coefficient (a) have been measured on n- and p-type single

crystals of yttrium iron garnet (YIG) in the temperature range 600-1500 K. The temperature dependence of
a. and cf, at an oxygen partial pressure (Po ) of 1 atm shows extrinsic behavior of o. for both n- and p-type

2
samples with a thermal generation of charge carriers as the main cause of the temperature dependence of a.
The intrinsic conductivity was studied at various temperatures by measurements on p-type samples under a
low Po . A compilation of the experimental data in an a-0 plot showsconsistencybetween the measurements ono2
different samples. An analysis of the experimental results leads to the temperature-independent relations

p, +X+e"+ = 3.0y 10" (Vseccm) ' and ILf. N e&- = 5.2)& 10' (Vseccrn) ' for holes {+)and electrons (—), where

p„N, and A are the drift mobility, the effective density of states, and the transport coefficient, respectively.

Further results are the relations P/k + A+ + A = —5.4, and A + In(g ) = 2.7, where the constant P determines

the temperature dependence of the band-gap energy, and g is the spin degeneracy factor of Si impurities in

YIG. The results are discussed in terms of the localized hopping model for YIG, the small-polaron model,

and the large-polaron model, For both n- and p-type YIG the large-polaron model is in best agreement with

the results.

I. INTRODUCTION

This paper describes an investigation of the
electrical transport properties of yttrium iron gar-
net, Y,Fe,O» (YIG). Many investigations have been
concerned with the magnetic, optical, and magne-
to-optical properties of YIG, which serves as a
model compound for this class of materials. So
far, however, very few investigations have pro-
vided real insight into the electrical transport
properties of this compound. From measurements
of the Seebeck coefficient Verweel and Rovers
showed that polycrystalline YIG samples could be
made n-type by Si-doping and p-type by Ca doping. '

The influence of divalent and tetravalent substitu-
tions on the optical-absorption coefficient was
shown by Wood and Remeika. - The results of these
optical-absorption measurements and of numerous
low-temperature experiments on photomagnetic
effects" were explained by assuming that Fe"
ions are formed when tetravalent ions are substi-
tuted for part of the trivalent ions. Corresponding-
ly, substituted divalent ions were assumed to be
compensated by Fe" ions.

In this localized picture the electrical conduc-
tivity of YIG is ascribed to a hopping type of con-
duction. For n-type materials th '. number of Fe"
ions equals the effective donor concentration,
while the temperature dependence of the conduc-
tivity is ascribed to the temperature dependence
of the mobility of the ferrous ions. The measure-
ments of the Seebeck coefficient and the conduc-
tivity of Hf-doped YIG by Elwell and Dixon are con-
sistent with this picture. ' A similar conclusion
was reached by Ksendzov et al. for a Si-doped YIG

crystal. ' Contrary to these results measurements
of the Hall mobility in Si-doped YIG by Fontana
and Epstein did not show any temperature depen-
dence, and therefore these authors concluded that
z-type YIG shows band conduction. ' The present
authors demonstrated by a study of inhomogeneous
conduction in polycrystalline n-type YIG in the
space-charge-limited conduction region, that dif-
ferences in conduction between grains and grain
boundaries could mainly be attributed to a differ-
ence in the position of the Fermi level (measured
relative to the bands) and only to a small extent to
a difference in the mobility. " These disparate res-
ults emphasize the need for further investigation of
the transport properties of n-type YIG. So far, no
systematic studies of the transport properties of
p-type YIG have been performed. However, a re-
cent photoemission study gives a strong indication
for the absence of localized bands as the uppermost
filled bands and therefore proposes band conduction
in p-type YIG.'

In this paper we make use of the method of com-
bined plots of Seebeck voltages and conductivity.
As suggested by Jonker" this method is particular-
ly useful for comparing the results obtained on dif-
ferent samples. Our measurements were per-
formed in the temperature range 600—1500 K (Cur-
ie temperature Tc = 562 K) on single crystals with
different dopants. We have shown earlier that the
electrical conductivity at high temperatures is not
determined by the concentrations of foreign ac-
ceptors and donors only, but is strongly influenced
by the concentration of oxygen vacancies which act
as donors. " By varying the oxygen partial pres-
sure at high temperatures we can easily change
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the concentration of oxygen vacancies. We have
made use of this to determine the band-gap ener-
gy L (T=O K) of YIG." From the response of the
conductivity to a change in the oxygen partial pres-
sure we have also measured the oxygen diffusion
coeffic ient. "

In Sec. II of this paper we present the method
used to analyze the transport properties, with the
appropriate equations. The experiment al method
will be outlined in Sec. III, followed by a presenta-
tion of the experimental results (Sec. IV). A sub-
sequent analysis of measurements is given in Sec.
V. Finally, our results will be discussed in terms
of different models in the concluding See. VI.

II. METHOD OF ANALYSIS

o., =(k/e)[A, +»(N, /P)] (4a)

In this section we give some general equations
for the de conductivity and thermoeleetrie power,

We assume a semiconductor with a band-gap en-
ergy E„effective densities of states N, and N,
drift mobilities p, + and p, , and transport coeffic-
ients A. + and A . Here the subscripts "+"and "-"
refer to the valence band and conduction band, re-
spectively. I.et the concentrations of charge car-
riers in the valence and conduction band be p and
n. The conductivity cr is the sum of the contribu-
tions from two bands, 0, and cr, respectively,

cr = cr 4. + cr =p ep. 4. + ne p

where n and p are related by

~ =++X e-~.~".
The Seebeck coefficient a ean be expressed in the
partial Seebeek coefficients n, and n via

o, =(o n +o o. )/(o, +o ),
where

which is generally the case for band conduction,
Eqs. (5a) and {5b) show thatplots of Iog,~ and of o, '

vs T ' give straight lines with equal slopes. When
the mobility is thermally activated, there will be
a difference in the slopes of the two lines.

Sincep =N, exp[(E~ —E~)/kT], where E„andE„
denote the energies of the top of the valence band
and the Fermi level, respectively, we can also
write

o.e/k =A~ + (E~ —Ey)/kT. (6)

For a nondegenerate partially compensatedP-type
semiconductor the temperature dependence of E~
for p «N, —N„ean be a,pproximated with"

E, E, = E,——kT»[(N. —N, )/g, N, ].
Here E, is the ionization energy of the aceeptors,
~V, is the acceptor concentration, N, the donor con-
centration, and g, is the degeneracy factor of the
a.cceptor center. Combination of Eqs. (6) and (7)
shows that

«/k=E. /»+»(g, ." ) »[(Y.— N. )/N-, ] (6)

So from the slope of the n vs T ' plot we obtain
E, (or E, for n-type materials). When the degree
of compensation is known the intercept of the curve
at T '=0 can be used to determine the product ge".

When np, andpp. , are of comparable magnitude
the conductivity is described by Eq. (1). From
Eqs. (1) and (2) it follows that o reaches a mini-
mum value:

omi, =2e(p+l& N+N ) t e- gol "e- I-
where we have assumed a simple linear tempera-
ture dependence of E, E =E,+PT. We see that
for this case cr+ =0 =-,'cr;„.Because the param-
eters N, p. , and A. usually differ for the two types
of charge carriers the Seebeck coefficient at cr,„,„

is mostly different from zero:

n,. = -,'(a„+ a ) = (k/2e)1n(N, e"+(i,!N e" p ). -.
~ =-(k/e)[A +ln(N /n)]. (4b)

Jonker has shown" that it is often useful to com-
bine the expressions for n and cr into an equation

log&op = —Iogl(P ep+) . (5b)

If the product N, p. , is temperature independent,

In these expressions e is the absolute value of the
eleetronie charge.

In the so-called extrinsic eonduetion range cr and
n are dominated by the contribution of only one
type of charge carrier, e.g. , when the holes are
the majority carriers cr=cr, and n =e . In that
case, we have from Eq. (4a)

o. ' = o.e/k ln10 =A, /ln10+ log„{N,/P).

For the resistivity p in the extrinsic p-type con-
duction region we have from Eq. (1)

Eg
Q =k +24. +A,

2e kT
arm in

——ln 1+ 1—

where "+"and "-"signs are valid for cr+ ~ ~cr

and cr ~ —,'cr, respectively. From this equation
it follows that the shape and dimensions of an n
vs ln(o/o;„) plot depend only on the parameter
e =E /kT+A, +A . The term o, causes a shift of
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the symmetry axis of the curve with respect to the
a = 0 axis. Using such plots of e vs lno one is able
to compare data obtained from different samples.
The extrinsic conduction regions are easily recog-
nized by straight lines in this curve. If the tem-
perature coefficients of N and p.

' are equal, as is
approximately the case for band conduction, and

if A is temperature-independent, one finds that the
straight lines coincide for different temperatures.

Watercooled
gas outlet metal flanges

T Al ~03 tube
spring sample

L!.
f.

~/
l

I

ith
ples

AI203 capillary tube
Pt blocks w

internal thermocou
gas inlet

Leads for conduction and temp. measurements

FIG. 1. Schematic drawing of the cell used fox mea-
surements of electrical conductivity and thermoel. ectric
power.

III. EXPERIMENTAL METHOD

Electrical conductivity measurements and See-
beck coefficient measurements were performed on

n-type as well as p-type single crystals of YIG.
The crystals were grown from a PbO-PbF, flux.
To obtain n-type or p-type behavior iron (Fe")or
yttrium (Y") ions were replaced by small amounts
of Si", Zn", or Ca". The crystalsfurthercontain
lead (Pb") andpossibly fluorine (F ), whichare
incorporated from the flux. Table I gives the results
of a chemical analysis of the single crystals used.
Pb, Ca, and Zn were determined from atomic-ab-
sorption measurements; for Si and F a photometric
analysis was used. " The table also gives the total
concentrations of foreign donors N~ and foreign ac-
ceptors N, . It is seen that the crystals are strong-
ly compensated. Apart from the above mentioned
ions native donors are also present with concentra-
tions of comparable magnitude [(0-0.03)/formula
unit)]. " The specific resistivity at 300 K is higher
than 10' 0 cm for samples 1 and 2, -10 Q cm for
sample 3, and 10'-10' Qcm for sample 4.

Samples with typical dimensions of Bx 5x0.4 mm'
were cut, polished, and subsequently cleaned in
boiling HCl and trichlorethylene, after which Pt
contacts of approximately 0.5 p, m thickness were
sputtered on the end faces. Earlier investigations
with the four-point method have shown that such
layers provide good Ohmic contacts suitable for
high-temperature measurements. " In Fig. 1 a
schematic drawing of the measuring cell is shown.

TABLE I. Concentrations of dopants and impurities in

atoms/(formula unit). N& and Ã~ are the sum of foreign
donor and acceptor concentrations, respectively.

Sample Pb Ca Zn Si

0.020 0.017 ' ' 0.021 ' 0.021 0.037
0.008 0.001 0.012 0.001 ' 0.001 0.020
0.037 0.003 '' 0.081 0.001 0.082 0.040
0.022 0.001 ''' 0.027 0.008 0.035 0.023

1 atom/(formula unit) =4.22 x10 ~ cm

The sample is placed between two spring-loaded
Pt blocks inside a gas-tight alumina tube, which is
again situated inside a SiC furnace. The Pt blocks
are both connected to the outside of the cell via a
Pt wire and via a Pt, Pt-10%%uz-Rh thermocouple.

The Pt wires were used to carry the current for
the dc conductivity measurements, while the
thermocouples were used for both the measurement
of the voltage drop across the sample and the tem-
perature measurement at the end faces of the sam-
ple. During the experiments a constant gas flow
was maintained through the measuring cell.
Changes in the oxygen partial pressure were made

by varying the composition of the O, -N, gas mix-
ture Zir.conia oxygen gauges (Philips PW 9620)
were used to determine continuously the oxygen
partial pressure at the inlet and outlet of the mea-
suring cell. The small internal gas volume of the
cell enabled the oxygen pressure to be changed
quickly, so that the response time of the conduc-
tivity could be measured. The use of these dynamic
conductivity measurements for determining the
oxygen diffusion rate will be described separately. "

The conductivity was determined from the voltage
drop across the sample with constant current pas-
sing through it. Both polarities were always used.
The current was kept low so that the voltage drop
did not exceed 200 mV. The current-voltage rela-
tionship was found to be linear and no polarization
effects were observed.

The Seebeck coefficient was obtained from the

potential difference 6V between the two Pt wires
of the thermocouples attached to the Pt blocks at
the end faces of the sample. The temperature dif-
ference over the sample was varied by changing the
position of the measuring cell in the furnace. Be-
cause of deviations between the two thermocouples
the measured temperature differences ~T could be
different from the actual one. The Seebeck coef-
ficient was therefoxe obtained from the slope of the
resulting linear dependence of 4 V on AT. The
average temperature of the sample was kept con-
stant within 1.5 K, while the variation in AT was
about 15 K.
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FIG. 2. Absolute value of the reduced Seebeck coeffi-
cient and the logarithm of the resistivity of p-type YIG
(sample 1).

IV. EXPERIMENTAL RESULTS

A. Extrinsic conduction regions

In Figs. 2-5 the reduced Seebeck coefficients
o' = )ne) jklnl0, and the logarithm of the specific
resistance p are shown as a function of the recipro-
cal temperature. Figures 2 and 3 give the results
for a Ca-doped crystal (sample 1, Table I) and for
a Zn-doped crystal (sample 2, Table I). Both crys-
tals show p-type behavior. In Figs. 4 and 5 the
results are given for n-type Si-doped crystals
(samples 3 and 4, Table I). The measurements
wex'e all performed at an oxygen partial pressure
of 1 atm. In order to obtain reproducible results

0.6 0.8 1.0 1.2 1.4 1.6

)'0/T (K )

FIG. 4. Absolute value of the reduced Seebeck coeffi-
cient and the logarithm of the resistivity of n-type YIG
(sample 3).

the samples were heated for at least 24 h at
1300-1400 C before the Ineasurements started. A
considerable change in the resistivity was in some
cases observed during this annealing treatment (at
a fixed temperature and at an oxygen pressure of
1 atm). Similar irreversible changes were also
found to occur during weight measurements with
the aid of a thermobalance. " Further investiga-
tions of the origin of these changes are in pro-
gress. Since these precautions were not taken for
the measurements on sample 2 the resulting curves
given in Fig. 3 for this crystal are less reliable.

The observation of approximately equal slopes
in Figs. 2-5 for a' andlog, ~ forboth p-type and n-
type crystals shows that we have extrinsic conduc-
tion, and that the changes in +' and log, ~ are mainly
due to the temperature dependence of p (or n).

CL-2
Q)
O

I I I I I I

0.6 0.8 1.0 1.2 1.(| '.6 1.8 2Q
(0'/T (K ')

FIG. 3. Absolute value of the reduced Seebeck coeffi-
cient and the logarithm of the resistivity of P-type YIG
(sample 2).

i l I I i

0.6 0.8 1.0 1.2 1.& 1.6

103/T ( K ')
FIG. 5. Absolute value of the reduced Seebeck coeffi-

cient and the logarithm of the resistivity of n-type YIG
(sample 4).
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A further discussion of these results will be
given in Sec. V and VI.

B. Intrinsic conduction region

Measurements in the intrinsic conduction region
were performed on p-type samples, which were
exposed to a gas mixture of varying oxygen partial
pressures. The points along the lines a, b, c, and
d in Fig. 6 show results at four different tempera-
tures T.he calculated curves (solid lines) shown in
this figure will be discussed in Sec. V. The mea-
surements represented by the curves a-d started
with the sample in equilibrium at 1 atm of oxygen
pressure. %hen the oxygen partial pressure is
lowered the concentration of oxygen vacancies and
hence the total donor concentration increases. This
leads to a decrease in the number of holes. The
arrow in Pig. 6 shows the direction in which a and
0 change as a result of the lowering of the oxygen
partial pressure. At low temperatures and P~
=1 atm we find an extrinsic conduction, while at
higher temperatures, especially at a low oxygen
partial pressure, we are in the intrinsic region.
The e, v range that can be covered in this way,
however, is rather restricted since measurements
at pressures Po & 10 atm cause irreversible
changes, that is to say even after a long time we
do not get back the original e and g values when

Po is reset at 1 atm (at a fixed temperature) The.
reason is probably the decomposition of the garnet
into orthoferrite and magnetite. Measurements on
a thermobalance indicate that such a decomposi-
tion starts at Po =10 atm at 1240 C.

2
In an earlier publication" we presented similar

graphs of n and 0. The measurements of the See-
beck coefficient were not made as described in Sec.
III, but were based on a single temperature-dif-

ference measurement, leading to too high values
of z, as given in Fig. 2 of Ref. 11. The present
values of 0,„,however, agree excellently with the
earlier data. From a plot of lno'~;„vs T ' we ob-
tain the relation

+min = +Oe (12)

where o, = (6.0 + 0.13)x 10' (0 cm) ', and E = —,'E„
=1.43 eV.

V. ANALYSIS

As discussed in Sec. II, a convenient compilation
of our data can be given in an z-cr plot. In Fig. 6
the results are summarized in this so-called "Jon-
kers pear. " The points with positive e values are
by definition those of p-type samples, while nega-
tive Seebeck coefficients indicate n-type samples.
The experimental points were obtained on the sam-
ples 1-4 (Table 1). We have also included in this
plot three points measured by Ksendzov et al. ' on
silicon-doped YIG crystals. The points used in

Figs. 2-5 are situated on the straight lines CB and
DB, which represent extrinsic behavior. Further-
more the curves CB and DB fit to points obtained
from a wide temperature interval, viz. , 600-1500
K. This is important since the straight lines shift
with temperature if the mobility is thermally ac-
tivated. From the uncertainty in the position of
these lines we estimate that the maximum value of
a possible activation energy of the mobilities must
be ~ 0.1 eV. A similar conclusion can be obtained
from Pigs. 2-5. The differences in the slopes of
the n' and log„pcurves are inall cases less than
0.08 eV.

From the position of the symmetry axis of Fig. 6
we find n, =75 p. V/K. Us. ing Eq. (10) we then have

1000 — c I yv/K

500—

-500—

-1000—

FIG. 6. Seebeck coeffi-
cient —conductivity plot for
different YIG crystals.
Positive & values represent
p-type samples: C), x, D,
sample 1; 6, sample 2. Line
a, V =1265 K. b T=1S78 K-

c, 7 =1451 K. d T =1514 K.
Along the lines a-d the
temperature is kept con-
stant and the oxygen partial
pressure is reduced in the
direction indicated by the
arrow. For points along
the linesBC andBD the
oxygen partial. pressure is
kept constant at 1 atm.
Negative e values repre-
sent n -type samples: 7',
sample 3; +, sample 4; x,
literature data of Ref. 6.
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N, e"'p, /N,
e" g-= 5.7. (13)

e = 3.31x10'/T —5.42. (15)

Here the coefficient to T ' equals E„/k(E„=2.85
eV),"while the constant term gives us a relation
between the temperature coefficient of the band gap
and the transport constants:

P/k+A, +A = —5.42. (16)

We have used Eqs. (15) and (11}to calculate the
n-v curves at four different temperatures. These
curves are shown by the solid lines a-d in Fig. 6.
The agreement with the experimental data, which
were obtained by varying the partial oxygen pres-
sure, is seen to be quite good.

A relation between p, the densities of states, and
the mobilities can be obtained from the value of the
coefficient o, in Eq. (12). Using Eq. (9) we get

p. + p N, N e 8 ~~ = 3.52 x 10" (V sec cm) '.

(17)

The equations (12), (16), and (17) allow a deter
miniation of the product p. (Ve" for holes and elec-
trons separately. We f ind

ij. +N+e"+ =3.0x10" (V sec cm) ',

N e" =5.2x10" (V-seccm) '.
(18a.)

(18b)

We shall comment on these results in the conclud-
ing section.

More information can be obtained from the tem-
perature dependence of the Seebeck coefficient. As
discussed in Sec. II the product ge" and the ioniza-
tion energy E, may be determined using Eq. (8). A

quantitative analysis seems however not possible
for our p-type samples. The slopes of the a' vs
T ' curves shown in Figs. 2 and 3 are not inde-
pendent of the temperature, but increase with de-
creasing temperature. This indicates that E„is
not determined by Eq. (7). A comparison between
the room-temperature resistivities of samples 1
and 2 (p a 10'o Q cm) indicates that a considerable
(but unknown) number of native donors are very
probably present. The difference N, —N„ is then
much reduced from the values determined by Tab-
le I and the relation p«N, —N„may not be valid
in the present temperature range. For the n-type
samples the data for sample 3 only seem reliable

As shown in Eq. (11}the shape and dimensions of
the pear are fully determined by the parameter
e =E,/kT+A, +A . Using the relation

(14)

where o~ is the conductivity at the point B, we ob-
tain from our data the value of e as a function of
temperature:

enough for a quantitative analysis of the tempera-
ture dependence. Referring to the discussion in
Sec. VI, we assume that n «N~ —N, and that the
counterpart of Eq. (8) for n-type samples is ap-
plicable. From the slope of the a ' curve given in
Fig. 3 we obtain E~ =0.28 eV and from the inter-
cept at T ' =0 (neglecting native donors) we find

+ lng = 2.7.

Here g is the degeneracy factor of the Si centers.
It should be noted that the presence of native do-
nors in a concentration of 0.02/(formula unit) only
changes the right-hand side of Eq. (19) slightly (to
3.1). We have, however, no reason to assume that
native donors of such a concentration are present
in n-type YIG because o. depends very little on the
oxygen partial pressure.

VI. DISCUSSION AND CONCLUSIONS

In this section we shall discuss our experimental
results in terms of the localized hopping model
mentioned in the Introduction, the small-polaron
model, and the large-polaron model.

In the localized model for YIG the number of
charge carriers is supposed to be independent of
the temperature and equal to the number of Fe"
or Fe" ions, while the thermally activated behav-
ior of the conductivity is attributed to the drift mo-
bility only. Our experimental results are, how-
ever, inconsistent with this model for both n- and
p-type YIG. Wefoundthatplotsof log, ~ and n' vs
7 ' show parallel lines or equivalently that the
straight lines CJ3 and DB in Jonker's pear are in-
dependent of temperature (and furthermore of sam-
ple). The temperature dependence of g can there-
fore only be explained by a thermal generation of
the (free) charge carriers. Because the activation
energy of 0 for Si-doped YIG at room temperature
is approximately the same (-0.3 eV) as found for
the present temperature range, it seems reason-
able to suppose that this mechanism explains the
temperature dependence of 0 down to 300 K. A

consequence of the lack of applicability of the lo-
calized hopping model seems to be that the con-
cepts of Fe" or Fe" ions in YIG are not very
meaningful.

However, our experimental results do not ex-
clude the possibility of a small activation energy
(& kT) of the mobility, and an estima, te of the mo-
bilities show that these (y. , and y. ) are relatively
small. We shall therefore discuss our results on
the basis of the small-polaron model and the large-
polaron model. The expressions given in Sec. II
and used in Sec. V apply for both models" and the
numerical results presented in Eqs. (18a), (18b),
and (19) form the basis for the discussion of these
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models.
RIost information has been obtained for n-type

YIG, which we consider first. The effective den-
sity of states depends on the width (2W) of the low-
est conduction band, supposedly derived from octa-
hedral iron t~(Fe") states ". If the small-polaron
model is applicable the width should be less than

—,'kT and allowing a factor of 2 for spin degeneracy
the effective density of states N =2/(formula unit),
or N =8.4x10" cm '. For the small-polaron
model the heat of transfer is negligibly small and
setting A. =0 and using the value of N just given
we find g =0.06 cm'/Vsse and g =15. These
numbers do not support the small polaron model
very much. An upper limit for p is given by
)L-«0.1 cm'/V sec and the found value of p, is
therefore very large. The expected value of the
spin-degeneracy factor for single ionizable donor
impurities (like Si' impurities in YIG)is 2, ' and

g = 15 seems rather high. The. almost lack of
temperature dependences for the product p. N e"-
also does not support the small-polaron hopping
model, but does not exclude it, because the tem-
perature dependence of p. can be both positive and
negative depending on the interaction of the polaron
with the lattice. ""Finally optical measurements
by temple et al. indicate that the bandwidth is
much larger than 07'." From studies of the optical
absorption and reflection and their derivatives in
iron garnets, the lowest charge transition was
found at the energy 2.88 eV, in good agreement
with the band-gap energy (2.85 eV). This transi-
tion has a width at half-maximum of 0.3 eV.

Let us next consider the large-polaron model,
again for n-type YIG. The temperature indepen-
dence of p N e"- is in agreement with this model.
The transport constant A. can be supposed to be
equal to 2 and using Eq. (19) we find g = 2, which
is the expected value for g. In order to determine
the mobility and see if this value is consistent with
the large-polaron model we have to estimate N .
If we assume a parabolic band and a bandwidth of
2W (» kT) the effective density of states is re-
duced with approximately a factor of (kT/2W)'~'
from that for the small-polaron model. Because
photoemission measurements' and optica1-absorp-
tion measurements" have shown that we have
broad bands as the highest valence bands, we ten-
tatively set W to the value quoted above, i.e. ,
8'=0.3 eV. At T=1000 K we then get N =4.6xl0'

cm ' and p =0.15 cm'/V sec. This value for p
is rather low for the large-polaron model predict-
ing p, ~ 0. I cm'/Vsse for a total bandwidth of
0.6 eV." %'e have used the given values of N and

p. to compare n with the donor and acceptor con-
centrations and find n «N„—N, as required for the
use of Eq. (8) in our data. analysis.

For P-type YIG there is, as mentioned above,
strong evidence for a broad band as the highest
valence band. If we compare Eqs. (18a) and (18b)
we find even less support for the applicability for
the small polaron model for P-type than for n-type
YIG, in agreement with the absence of a localized
valence band as the highest band. For a parabolic
band with effective mass ng* we have at T = 1000 K
N, = 1.5xl0"(m*/m, )'~' cm '. Setting 2, =2 we
then get p, = 0.5(m/I*)'~' cm'/V sec, which seems
a low value for broadband conduction Q ) 2. 5(m/I*)'~' cm'/V sec)." The temperature independence
of p. ,N, e"+ supports the band model, however.

We have so far not discussed Eq. (16) relating the
temperature coefficient of the band gap and the
transport constants. Assuming both A., and A

have the value 2 we get p= —8.1x10 ' eV/K, while

A+ =A = 0 would give us p = —4. 'I x 10 ' eV/K. An

optical investigation of the temperature dependence
of the lowest-charge-transfer transition determin-
ing 13 would be very useful determining the sum 4
+A., independently.

On the basis of the discussion given above we
have the following conclusions: (a) The localized
hopping model is not applicable for YIG at 600 K
& T& 1500 K (and probably down to 800 K), because
the thermal generation of charge carriexs gives
the main contribution to the temperature depen-
dence of 0 for both n- and p-type YIG. The con-
cepts of Fe" and Fe" ions in YIG should therefore
be avoided. (b) The small-polaron model does not
give a reasonable explanation of the experimental
data (c) Th. e large-pola, ron model describes the
data reasonably well, but the estimated mobilities
are rather low for this model. (d) An unambiguous
determination of the parameters p, , N, A. , p, and

g from the four relations [Eqs. (16), (18a), (18b)
and (19)] has not been possible and awaits further
experimental evidence.
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