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The dc conductivity of n-type polycrystalline yttrium iron garnet has been measured at
temperatures near room temperature as a function of the applied voltage. At voltages below
a critical value an Ohmic behavior is observed, while above this value we find 7 « V¥, with
a=1,2-5,1. ac conductivity and dielectric permittivity both show a large dispersion in the
10-3-10°-Hz frequency range, e.g., a static value of the relative permittivity €4~4000 and a
high-frequency value €,=18. The results are interpreted in terms of a two-layer model with
well-conducting grains (e.g., 030x~7.2x 1078 Q! cm™) measuring 4 pm separated from
each other by poorly conducting boundary layers (e.g., o30x~1.8% 107® @' em™) of thick-
ness 0.02 pm, At low voltages, conduction is determined by the boundary layer. At higher
voltages, the current in the boundary layers is space-charge limited. A model is developed
for space-charge-limited currents in an inhomogeneous solid of this kind. All experimental
results can be explained qualitatively by this model. For one sample the measurements have
been quantitatively analyzed. Good agreement with theory is found if we assume an expo-
nential distribution of the density of states of the trapping centers in the boundary layers of
the form 9, (E) =N,/k T, e® Ec*Tt with N,=3,3x 10 cm™ and T,=1110K. At 300 K, in the
region of Ohmic conduction in the grain boundary layer (V<10 V), the Fermi level of this
layer is situated 0. 88 eV below the conduction band; upon charge injection its position rises,
for an externally applied voltage of 500 V, to about 0.63 eV below the conduction band. An-
nealing experiments at different oxygen pressures show that the poorly conducting boundary
layers are regions which are reoxidized during cooling from the sintering temperature of

1 SEPTEMBER 1973

1430 °C to room temperature.

I. INTRODUCTION

A study of injected currents in insulators may
provide valuable information on properties such
as the density of states of the trapping centers
which are present, and the drift mobilities of the
free charge carriers. An extensive treatment of
this subject is given in Ref. 1. K only one type
of charge carrier is injected, the current will be
space-charge limited. The steady-state current-
voltage characteristic mostly follows a power law,
the power being greater than or equal to 2, In
polycrystalline samples of yttrium iron garnet
(YIG), we observed a relationship between current
and voltage following such a power law, but powers
between 1 and 2 as well as greater than 2 were
found. In contradiction to this, experiments on
monocrystalline samples invariably yielded an
Ohmic current-voltage dependence under compar-
able conditions. Though the sign of the Seebeck
coefficient and the value of the activation energy
of the conduction were the same for the monocrys-
talline and polycrystalline samples, the concen-
tration and distribution of trapping centers can be
widely different, 2 which might lead to the observed
difference in the ¢ -V characteristics. However,
there is a dispersion of the dielectric properties
of polycrystalline YIG samples which is not ob-
served for monocrystalline YIG. Similar disper-
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sion in the dielectric properties has been observed
in a number of materials and is usually explained
as being due to the effects of inhomogeneities. ® In
some of these materials non-Ohmic i-V relation-
ships were explained as being due to the presence
of potential barriers between the grains. *° In
this paper experiments on the dielectric and elec-
trical properties of polycrystalline YIG will be de-
scribed. The dielectric properties will be dis-
cussed on the basis of the Maxwell-Wagner layer
model®” in which the solid is assumed to be com-
posed of layers of different conductance. Because
the existing theories for non-Ohmic conduction in
polycrystalline materials cannot explain our ex-
perimental results, we shall present a theory of
space-charge-limited conduction (scl conduction)
in an inhomogeneous solid. Our experimental re-
sults will be analyzed and discussed with the help
of this theory.® Finally, the origin of the inhomo-
geneities and the influence of annealing treatments
on the latter will be discussed.

II. EXPERIMENTAL

The samples investigated were cut from sin-
tered pellets. High-purity yttrium-iron-garnet
powder was made by using a spray-drying tech-
nique. ? After hydrostatic pressing of the garnet
powder, pellets were sintered for 4 h at 1430 °C
in an oxygen atmosphere and cooled to room tem-
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perature at a rate of 120 °C/h. The resulting mat-
erial has a regular grain structure with a mean
grain diameter of 4. 5 um (mean intercept length).
Microscopic examination of a polished sample did
not reveal any second phase. The results of a
spectrochemical analysis of the sintered pellets
are shown in Table I.

Some measurements were performed on materi-
als of composition YsFes., In, Oy, (x ~ 0. 05-0. 25)
prepared by conventional ball milling. ? Table I
shows that the impurity content of this material
is at least one order of magnitude higher than that
of spray-dried samples. The average grain size
of the indium-doped garnet is 25 pm.

The samples were usually of a thickness of 100-
200 pm and had a surface area of 5-15 mm?. Re-
sults will be presented for four samples, which
can be regarded as typical. Samples 1 and 2 were
different sections of one pellet, sintered from
spray-dried powder. Sample 3 was made from
another batch of spray-dried powder. Sample 4
was cut from a pellet sintered from ball-milled
powder. Measurements were also performed on
a pellet (of dimensions 8-mm diam and 2. 75-mm
height) made from the same starting material as
used for samples 1 and 2.

Contacts were applied by rubbing an In-Ga mix-
ture of eutectic composition on the surface. The
surface was ground (preferably not polished) and
cleaned, first in HC1 and then in trichloroethylene,
before the contacts were rubbed on. Measure-
ments using a four-terminal method proved that
reliable contacts were obtained in this way. Norm-
ally two contacts were placed on the sample and
used for both dc conduction measurements and di-
electric measurements.

dc conduction measurements were made using
either the Keithley model-417 high-speed pico-am-
meter or the Keithley model-640 electrometer.
For measurements of the dielectric properties in
the 20-Hz to 100-kHz frequency range a General
Radio 1615A capacitance bridge was used. In the
frequency range 0. 001-10 Hz the ac current through
the sample was measured and the in-phase and out-
of-phase parts of this current with respect to the
applied ac voltage then determined the conductive
and capacitative parts of the current. In this case
the Keithley model 417 was used for the current
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FIG. 1. dc current-voltage characteristic of undoped
polycrystalline YIG (sample no. 1). a, experimental
results at T=363 K; =, experimental results at T=318K;

e, experimental results at T'=274 K. Theoretical re-
sults (see Sec. V) are indicated by the lines. Electrodes
on opposite sides of a 200-um-~thick sample. Electrode
surface area 7.3 mm?,

measurements.

Measurements of the sign of the Seebeck coef-
ficient at room temperature showed that all sam-
ples were n type.

III. EXPERIMENTAL RESULTS
A. dc Current-Voltage Characteristic

Figure 1 shows for sample 1 the dc thermal-
equilibrium (dark) current as a function of the ap-
plied voltage for three temperatures. The cal-
culated current-voltage characteristics shown by

TABLE I. Spectrochemical analysis of the impurity content of sintered polycrystalline samples prepared by different

techniques.

Impurity
concentration Element

(mole %) Mg Si Ti Cr Ni Cu Sn Eu Gd Pt
spray dried 0.018 0.037 0.002 0.005 0.002 0.001 oo 0.006 eo e 0.007
ball milled 0.180 0.250 0.080 0.100 0.620 0.200 0,030 0.020 e 0.040 0.007
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FIG. 2. dc current-voltage characteristics of undoped

polycrystalline YIG (m, sample no. 3) and of a polycrystal-

line garnet of composition YsFe, g5Ing 1501, (@, sample no,
4).

the curves in this figure will be discussed in Sec.
V. At low voltage, V< 10 V, an Ohmic relation-
ship between current and voltage is observed. The
resultant conductance G is found to be tempera-
ture activated with an activation energy of 0.7 eV.
In the 10-30-V range, the slope in the log-log plot
of the current-voltage characteristic changes from
1 below 10 V to a value of 4-5 above 30 V. Above
30 V, the current over approximately a voltage
decade can be written

i=Cve, (1)

where C and a are temperature-dependent con-
stants. Values of « are listed in Table II. At the
highest voltages a decrease in the slope of the i-V
characteristic of Fig. 1 is observed. No indica-
tions of Joule heating of the sample were found.
To investigate the dependence of the current on
the electrode distance L, the electrodes were
placed on the same side of sample 2 (thickness
200 pm). The length of the electrodes was equal
to the width of the sample. The current-voltage
characteristic is similar to that of sample 1. In
the voltage range where Eq. (1) holds we find a

TABLE II. Slopes a of the i-V characteristics of
sample 1 at different temperatures, together with the
corresponding characteristic temperatures T of the trap
distribution.

T (K) 274 318 363
a 5.06 4,51 4,03
T(K) 1111 1116 1100

relation i< L™ where f=4.1+0.5 at room tem-
perature, while a=2.6+0. 3.

However, for a number of samples a part of
the current-voltage characteristic is given by
i<V ® where 1<a<2, Figure 2 gives two ex-
amples of this. It should be noted that at the high-
est voltages a decrease in « is observed.

B. Dielectric Properties

High relative dielectric permittivities at low
frequencies are found for our polycrystalline sam-
ples. A considerable variation in the dispersion
is observed for the various samples. The static
value €, of the apparent relative permittivity e,
varies between 200 and 3x10%, In this section we
shall only present data for sample 1, but the re-
sults for sample 2 are quite similar.

In Fig. 3 the relative permittivity of sample 1
as a function of the frequency is shown. We veri-
fied that the measured dielectric properties were
independent of the applied voltage in the voltage
range used for these experiments. A tempera-
ture-dependent dispersion in € is observed. At
low frequencies a value € of the order 4000 is
found which is nearly temperature and frequency
independent. At high frequencies the relative
permittivity tends towards a temperature-inde-
pendent value of approximately 18, which we shall
denote €,. Measurements on single crystals of
undoped YIG give a nearly frequency-independent
relative permittivity €; which is equal to €,,. We
conclude on this basis that €. represents the true
dielectric permittivity of the polycrystalline sample.
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FIG. 3. Relative dielectric constant as a function of
frequency for undoped polycrystalline YIG (sample no.
1). a, experimental results at 7=363 K; =, experi-
mental results at T=318 K; e, experimental results at
T=274 K. Electrode area and distance as indicated in
Fig. 1.
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TABLE III.
at 300 K.
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Values of conductivities, relaxation times, and activation energies of sample 1

G

S

Gy Te Te

value at 300 K 1.3x 1072 g+
activation energy (eV) 0.7

2.9x1077 @1
0.54

1.1x10" sec 6.7 %10 sec
0.51 0.54

Figure 4 shows the ac conductance G of sample
1 as a function of the frequency. For low frequen-
cies the conductance tends towards a limiting val-
ue G;, which is the dc Ohmic conductance. The
limiting value at high frequencies, G., and G, are
indicated in the figure. In determining G, we took
into account the influence of a dielectric-loss peak
situated in the MHz range. The values of G and
G.at 300 K and the activation energies are shown
in Table III.

If the dispersion of the permittivity and the con-
ductance is characterized by a single relaxation time
7, we have €,=3€, and G=3G,for wr=1, where w
is the angular frequency. Values of 7, and 7, deter-
mined, respectively, from €= €(w) and G =G (w),
are found to be temperature activated, the values
at 300 K and the activation energies are given in
Table III. The activation energies of 7, and 7¢
are in good agreement with each other and with
that of G.. The difference in value between 7, and
T¢ is thought to be due to a distribution of relaxa-
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FIG. 4. Conductivity as a function of frequency for
undoped polycrystalline YIG (sample no. 1). a, experi-
mental results at T=363 K; =, experimental results at
T=318 K; e, experimental results at T=274 K. Elec-
trode area and distance as indicated in Fig. 1. Dashed
lines at the low~frequency side of the figure indicate the
experimental values of the de conductivity G;. Dash-dot
lines at the high-frequency side of the figure indicate the
limiting values G..

tion times. We shall further discuss the relaxa-
tion times in Sec. V.

IV. DESCRIPTION OF AN INHOMOGENEOUS SOLID

A. Dielectric Dispersion: Maxwell-Wagner Layer Model

A qualitative description of high dielectric per-
mittivities and low-frequency dispersion can be
given by use of the Maxwell-Wagner layer model.
The solid is assumed to be composed of well-con-
ducting layers separated by poorly conducting
layers. Applied to a polycrystalline material this
corresponds to a situation in which layers of high
resistivity exist between well-conducting grains.

A detailed discussion has been given by Volger. ?
The most simple approximation is the two-layer
model shown in Fig. 5.

The frequency dependence of the dielectric per-
mittivity and the conductivity for a two-layer model
was first described by Koops.!® Referring to the
discussion by Volger, we will only consider the
case in which the conductance G, of the layers be-
tween the grains is much smaller than the conduc-
tance G, of the grains. We will further assume
that the relative dielectric permittivity is the same
for the two layers, i.e., €= €;=¢€;, and is inde-
pendent of the frequency. With the aid of the
equivalent RC circuit shown in Fig. 5, the apparent
dielectric permittivity €,(w)=C(w)d/€y and con-
ductivity 0(w)=G(w)d may be calculated. For
G;< Gy and d,<d,, one finds

2 2
€ + € 0T
€, (w)= _L(—wﬂr ) (2a)
c, c,
—1| 2
dy ddz G G,
f—C—

FIG. 5. Left-hand side: two-layer model for an in-
homogeneous solid. A high~Ohmic layer 1 of thickness
dy, relative permittivity €;, and conductivity oy; and a
low-Ohmic layer 2 of thickness d,, relative permittivity
€,, and conductivity o,. Right-hand side: equivalent RC
circuit for a two-layer model of unit cross section.
Capacities Cy=€(€y/d; and C,=¢€€,/d, in parallel with
conductances Gy=0y/d; and G, =0,/d,.



2020 P. K. LARSEN AND R. METSELAAR 8

0, +0 w27l
U(w):-’l_'_—(mr , (2b)
where
esz(;l)e‘, €.= €, (3a)
1
2)ow o~(3)
g, =[= |oy, 0o~ g,, (3b)
s (d! 1 d 2
and
~ e S17 €
T= € c—o. (3c)

At frequencies w < 1/7, €,(w) is approximately
equal to €, and it follows from Eq. (3a) that for

dy < d the apparent static permittivity will be very
high. The temperature dependence of €, is gener-
ally small and it follows from Eq. (3a) that €, and
€,are almost temperature independent. A further
approximation of the relaxation time gives 7= €€,/
0., which means that the temperature dependence
of T is characterized by the temperature depen-
dence of 0,.

B. Origin of Non-Ohmic Current-Voltage Characteristics

Non-Ohmic -V characteristics have been ob-
served for a number of other polycrystalline ma-
terials. #*® In the models used by Heywang and
by Krausse it is assumed that the grains are sepa-
rated from each other by potential barriers ¢,
with a resistivity p,=yp, e®/*T. Here p, is the
volume resistivity of the grains and y is a geomet-
ric constant. Since the potential barriers are
assumed to be independent of each other, the volt-
age drcp between the electrodes will vary linearly
with the electrode distance L, i.e., ix<f(V/L), in
opposition with our experimental results, which
give iocf(V)fo(L). Moreover, application of this
theory on our experimental results leads to in-
ternally inconsistent values of the height and width
of the potential barriers.

For this reason we have looked for a different
explanation of our results. The observed dc cur-
rent-voltage relation and the dependence of the
current on the electrode distance L is indicative
of single carrier injection in a material in which
traps distributed exponentially with respect to
energy are present. ! Let the trap distribution
be given by

N(E)= (N/kT;)e =) /RTy ) (4)

where 9,(E) is the electron-trap density per unit
energy, E is the energy, E, is the energy of the
conduction-band minimum, and N, and T; are con-
stants characterizing the trap distribution. I

T; = T, the steady-state space-charge-limited
current density J4; for a homogeneous solid with
a trap distribution given by Eq. (4) is

! 1+1 i+l
~ vif €€ 21 + 1) 14
Je1= N, e (N,(li- 1)) (l+ 1 LZhI ) (5)

where [=T,/T= 1, N, is the effective density of
states in the conduction band, e is the elementary
charge, p is the drift mobility of the injected charge
carriers (e.g., electrons), and L is the electrode
distance. Inthe casel<1, Eq. (5) reduces to the
shallow-trapping case, ! in which J ;< V2/L?,
Identifying the power a from Eq. (1) with 7+ 1,

T, can be determined from 7T;=T(a—-1). In Table
II, T, as calculated from the measured values of
a for sample 1, is tabulated. It is seen that the
values of T, determined from measurements at
three different temperatures agree very well with
each other.

Next, we consider the results for sample 2. We
found icc V*/L®, with @=2.6+0.3 and B=4.1+0.5
at room temperature. For space-charge-limited
currents, according to Eq. (5), @ and B are related
by @- 1=3%(8- 1), in agreement with our experi-
mental results. It seems therefore possible to
identify the non-Ohmic part of the i-V character-
istic with a space-charge-limited current. Ac-
cording to the dielectric measurements, we are
dealing with inhomogeneous samples, while Eq.
(5) was derived for a homogeneous solid. To in-
vestigate the consequences of the inhomogeneities,
let us consider a structure consisting of two types
of layers in series and assume that the current
through the first type of layer (1) is space-charge
limited, and through the other type of layer (2) is
Ohmic. We further assume that the structure is
of the form 12121 ... . The discussion will be
restricted to steady-state conditions. We use the
simplified theory for space-charge-limited cur-
rents, neglecting diffusion currents and using the
boundary condition & =0 at the cathode (x=0),
where 8= 8(x) is the electric field. The current
density is given by

J=eun,x)8(x), (6)

where n4(x) is the total number of free carriers
(injected + thermal equilibrium). In layers of type
2 the injected-carrier concentration will be ne-
glected, so n4(x)=n4 is independent of x in this
layer. The electric field in type-1 layers is de-
termined by Poisson’s equation

aé
dx

e, (7)
where p(x)=—-e[ng(x)+n(x)] is the total charge,
consisting of a free part —en, and a trapped part
—eny,. The numbers of charge carriers n; and
74y are uniquely determined by the material prop-
erties and the temperature, i.e.,

"f=f("n—)- (8)
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The electric field §(x) in type-1 layers is deter-
mined by the relations (5)-(8) together with the
boundary conditions. In addition to the condition
8(0)=0, we have the following conditions. Con-
sider a type-2 layer situated between x=x , and
X=Xp,. The number of electrons in this layer is
assumed to be constant and independent of x. This
means n4(x;)=n,(x5.1) and, because of Eq. (8),
p(x;)=p(x;,y). Let x, be the distance from a posi-
tion x in a type-1 layer to the cathode through
type-1 layers only. We can then substitute x=x 4
in Egs. (5)-(8) and, using the conditions §(0)=0,
the ¢-V characteristic can be calculated as for a
homogeneous solid. The equivalent model for our
inhomogeneous solid is therefore a two-layer mod-
el:

12121... <111 ... 222...x 2,20,

where the summation means that the thickness of
each layer in this model is found by adding the in-
dividual thicknesses of each type of layer.

The fact that we can treat the space-charge-lim-
ited current in layers of type 1 as for a homoge-
neous solid makes it possible to apply the theory
for scl currents in homogeneous solids. For the
trap distribution given by Eq. (4) the position-de-
pendent quasi- Fermi-level E g(X) is given for
steady-state injection by!

a +1)z eN Ez (x)x/am]
Ep()=E.—kT:1n [1(21+1) € V\L ’

(9)
where x (>0) is the distance from the cathode at
x=0, Equation (9) is valid for the case n; > ng. If
we evaluate E p(x) at the anode (x=L) (for our in-
homogeneous solid, L equals the thickness of
layer 1 in the two-layer model), only a small er-
ror is introduced, as shown by Lambert. n

C. Space-Charge-Limited Currents in a Two-Layer Model

Let us consider the equivalent model of Fig. 5
and assume that G; < G, and dy; <d. According
to Sec. IV A, the apparent static permittivity will
then be high, which is in agreement with our ex-
perimental observations. Let V, and V, be the
dc voltage drops across layers 1 and 2, respec-
tively, and let

V=V+V, (10)

be the externally applied voltage. If the currents
through layers 1 and 2 are Ohmic, i.e., if

ig1=G1V, (11a)
and
i92=02Vz, (llb)

the voltage drop will take place mainly across the

thin layer 1 (V,=V). This favors the observation
of space-charge-limited currents in layer 1. We
assume, therefore, that the total current i in the
thin layer is composed of the Ohmic current iq,
and a space-charge-limited current i, , while
the current in layer 2 is Ohmic. The total cur-
rent ¢ is

i=ig1+ts1=lqs. (12)
Assume
ige1=C V‘lx ’ (13)

where C and a (= 2) are voltage-independent con-
stants [see Eq. (5)].

Equations (10)-(13) determine the i-V character-
istic. We did a numerical calculation as shown
in Fig. 6. The log-log plot of the -V character-
istic is S shaped with low- and high-current as-
ymptotic values given by i=G,V and i=G,V, re-
spectively. The voltages V., and V¢, indicated in
the figure are defined by

V= Vc1 for inl:iscl (143.)
and
V=Vg for V,=V,. (14b)
T T T T T T
10+ .
I
- VC2 —4
-6
10° 7 =
L 1 ]
V2
108 | 4 i
/

> 1 T I

10—10 B vc’% ]

107} < :

/|
1-1I
Ve
10‘14 1 L I I 1 L
1072 0 10° 10°
VI(V)

FIG. 6. i-V characteristic for a two-layer model of
an inhomogeneous solid calculated under the following as-
sumptions. Curve I: G;=10"% Q" G,=10°@", a=4;
Curve II: G;=10"12Q", G,=10%Q", ¢ =2; Curve OI: G,
=10"12Q, G,=3x10"1 @, a=2. Vg, for which ig
=1g01» iS assumed in all cases tobe 1 V.
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The i-V characteristic consists of three parts:

(i) Low-curvent Ohmic range: V< Vgy, Vo<V,
In this range i4; <ig,#i*G;V, and Ohm’s law

holds for voltages smaller than Vg,:

Vc1=(Gl/C)1/(a-n . (15)

(ii) scl-curvent vange: Vgy<V <Vgy, Vo<V,
The current through layer 1 is mainly space-
charge limited: ig, <ig;~i. The current-volt-
age characteristic is given by (13), with V,=V

as long as V, < V, i.e., for V<Vg,, where

ch—_- Z(GJC)I/(U"I) . (16)

(iii) High-currvent Ohmic range: Vg, <V, V, <V,
The current in this range is determined by the
conductance of layer 2. The current through layer
1 is space-charge limited, but V, is relatively
small and the current is approximately given by

Eq. (11b), with V,=V,

The three ranges mentioned are indicated in
Fig. 6. The following points are worth noting.
The slope of the log-log plot of the i-V character-
istic in part (ii) is equal to or less than the theo-
retical value a. By reducing G, in the example
in Fig. 6, from the value of 107 to 3x 107!t Q!
the maximum slope for the curves with a=2 is
actually reduced from 1, 97 to 1. 55. So slopes
with nearly constant values between 1 and 2 may
be observed over a fairly extensive voltage range,
when G, and G, differ little.

When dielectric properties are measured, the
presence of ac-scl currents will be observed in
the form of a dependence of €,(w) and G(w) on the
applied ac voltage. To eliminate this factor a
sufficiently low ac voltage should be used.

V. ANALYSIS AND DISCUSSION
A. Remarks on Layer Structure

The dispersion of the permittivity and the con-
ductance observed for sample 1 can be ascribed
to the presence of layers with different conductance,
as follows from Sec. IVA, The high-frequency
relative permittivity €.is, in accordance with
Eq. (3a), found to be equal to the intrinsic permit-
tivity €;, while the static permittivity €,~200¢;.
Using Eq. (3a) we find d;=d/200 and dy=d —d,=~d.
A necessary condition for observing high static
permittivities is that G; <G,. Inthe temperature
range studied, the ratio between the high-fre-
quency conductance G.and the static conductance
G, exceeds 10°, With Eq. (3b) we find G,=G, and
G,=(d/d,)*G.~G.,, and the condition is clearly ful-
filled. A calculation of the relaxation time 7 as
given by Eq. (3c) yields 7=4X 1072 sec at 300 K.
The activation energy of 7 is that of G,, viz.,
0. 54 eV. Table III contains relaxation times de-
rived from the frequency dependence of € and G.
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Fairly good agreement, as to both value and activa-
tion energy, with the relaxation time determined
above is found. We conclude on the basis of this
discussion that it seems definitely established that
the sample is inhomogeneous, consisting of two
types of layers of different conductance. The Max-
well-Wagner two-layer model describes the di-
electric properties fairly accurately. We have
shown that parts of the i-V characteristics for

all samples were characterized by i< V*, For
samples 1 and 2, a>2, while for samples 3 and

4, a=1.2 and 1.8, respectively (see Figs. 1 and
2). These samples, as the dielectric dispersion
shows, are inhomogeneous, and the characteris-
tics can be explained as space-charge-limited cur-
rents in an inhomogeneous layered structure. The
model presented in Sec. IV gives a qualitative
explanation of all our observations.

B. Quantitative Treatment of the i-¥ Characteristics

The i-V characteristic of sample 1 is described
by the Eqs. (10)-(13). The constants G, and G,
are here determined from the low-voltage Ohmic
dc i-V characteristic and the high-frequency ac
conductance, respectively. The space-charge-
limited current given by Eq. (13) is described by
Eq. (5) with the characteristic temperature T,
=1110 K (see Table II). The thickness d, of layer
1 through which 7, passes is shown to be d/200
=1 pm. In order to calculate the constant C,
knowledge of N, and uN, is also necessary.

N, can be determined from the temperature de-
pendence of the space-charge-limited current for
constant voltage. In the voltage range in which the
injected current is much greater than the thermal-
equilibrium current, the quasi-Fermi level is ap-
proximately given by Eq. (9), with x=L=d, and
Ep=Eg(V). The number of free electrons cor-
responding to this quasi- Fermi level is given by
ny=N.exp{[Ez(V)- E,)/kT}, and the current i,
equals eun,V. Hall-effect measurements in
Si-doped YIG have shown that the temperature
dependence of the Hall mobility is small. }* We
shall henceforth assume that this is also the case
for the drift mobility. We take the temperature
dependence of N, as T3/2, With these assumptions
we calculated the quasi-Fermi level as a function
of the voltage from the observed temperature de-
pendence of the current. The result is shown in
Fig. 7. The dashed line in the figure was calcu-
lated from Eq. (9), with

N,=3.3x10"° cm™ ,

The fit with the experimental values is good. The
electron trap distribution for layer 1 in the energy
range E,—~0.85 SESE_ - 0.6 eV is thus given by
Eq. (4), with T,=1110 K and N, as given above.

In order to determine uN, we note that all con-
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FIG. 7. Position of the quasi-Fermi level below the
conduction band at 300 K as a function of an externally
applied voltage. Points: experimental data for sample
1. Dashed line: calculated from Eq. (9), with N;=3.3
x10% em=, V, denotes the voltage for which igy =ig;
at 300 K.

stants except uN, in Eq. (5) are known. A com-
parison between measured and calculated current
gives the value at T'= 300 K:

uN,=(6.0+0,9)x10® (Vseccm)™.

We can now calculate the constant C of Eq. (13)
from Eq. (5) and determine the -V characteristic.
The result for the three temperatures 274, 318,
and 363 K is shown in Fig. 1 for comparison with
the experimental results. The over-all agreement
is good. At high voltages the slope of both the
theoretical and the experimental curves decreases,
owing to the increase of V,/V. The small dis-
crepancy between the experimental and theoretical
curves at high voltages can be ascribed to a less
accurate determination of G, to a limitation in
the charge carrier injection, or to a change in the
trap distribution.

The value of N.u given above is not representa-
tive for the bulk material. Monocrystalline Si-
doped YIG (of composition YsFe,,¢3Si¢, 09012), Which
is n type, has, at 300 K, a dc conductivity o of 107
Q"'cm and an activation energy of 0.33 eV.!® The
activation energy depends only to a small extent
on the donor (Si*) concentration and the almost-
temperature-independent Hall mobility py is 0.1
cmz/V sec.? We will assume that the drift mobil-
ity up= py. The concentration n,, of thermal
equilibrium free carriers is given by

N *NJ(Np~ N4)/NyleBe/ T, (17)

We have here assumed the presence of both donors
and acceptors, with concentrations of N, and N,
respectively (2o <N, <Np). E, is the donor ioniza-
tion energy. The activation energy of the conduc-
tivity is equal to E, if the mobility is temperature
independent. The dominant acceptor in monocrys-
talline YIG grown from a PbO flux is Pb%*. We
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estimate this concentration to be approximately
1x10% cm™ '* while N, for that single crystal

is 3.8x10% ¢cm™, The conductivity is 0=n.eu,
and, using Eq. (17), we find N,~8x10?° cm™ and
upN,=8x10" (Vseccm)™! at 300 K.

We similarly analyzed our results for the well-
conducting layers 2. Taking E;=0.54 eV and
(Np-N,)/N =3, we get uN,~2x10?° (Vseccm)™?,
which is fairly close to the result for the Si-doped
YIG given above. The value of 6x 10" (Vseccm)™!
for uN, in layers 1 is about 10 times smaller than
that of bulk material and we ascribe this to a lower
mobility in the thin layers than in the grains, as
there seems no reason to assume differences in
the effective density of states between grains and
grain boundary layers.

The Ohmic conductivity o, of layers 1 at 300 K
is 1.8x10°%® @'em™!, and using pN,= 6% 10%
(Vseccm) ! we obtain E,— E=0.88 eV for the
Fermi level when injection does not occur. This
value agrees well with the results shown in Fig.

7 when it is realized that Ep is independent of the
voltage V for V<Vs,. The differences in conduc-
tivity between the grains and the grain boundary
layers (0,/0,~4x10") can, thus, mainly be ascribed
to a difference in the position of the Fermi level
and, to a small extent, to a difference in mobility.
In Sec. VI we shall discuss the origin of the dif-
ference in position of the Fermi levels.

VI. ANNEALING TREATMENTS

The experiments discussed above were performed
on YIG samples with a low impurity content (spray
dried) as well as a high impurity content (ball
milled). In spite of the differences in impurity
content between these two types of materials, the
conductive and dielectric properties were fairly
similar. The inhomogeneities responsible for the
electrical behavior observed are therefore as-
cribed to intrinsic impurities.

At the sintering temperature of 1430 °C under
1 atm of oxygen pressure, yttrium iron garnet is
slightly reduced. This reduction probably causes
the formation of oxygen vacancies which can be
compensated by ferrous ions. 2 We do not discuss
the formation of interstitial cations, because we
consider this not very likely. However, the treat-
ment in the case of interstitials will be quite simi-
lar. During the cooling from the sintering tem-
perature to room temperature a reoxidation oc-
curs. The reoxidation depends on the oxygen dif-
fusion rate, which decreases during the cooling.

If the oxygen diffusion rate is greater along the
grain boundaries than through the grains, as it is
found for several materials, 18 the reoxidation of
the grain boundaries will be greater than that of

the grains., The grains will therefore have a higher
conductivity than the grain boundaries. However,
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in contradiction to our hypothesis, a single mea-
surement of the O* self-diffusion coefficient in
YIG shows no difference between grains and grain
boundaries. '

We tried to verify our hypothesis by means of
annealing experiments. Samples were sintered in
1 atm of oxygen and then cooled under different
conditions. Rapid cooling in 1 atm of O, produces
a sample with €,=17 and €,=8500. Rapid cooling
in a low oxygen partial pressure obtained by intro-
ducing nitrogen into the furnace produced a sample
in which the static limit of the dielectric permit-
tivity was not reached even at frequencies as low
as 0.01 Hz. At this frequency € was 3x10%, The
increase in € can be due to a decrease of the thick-
ness of the high-resistivity boundary layers, as
is to be expected when the sample is cooled in a
reducing atmosphere. Also, the number of bound-
ary layers can be reduced. Moreover, the con-
ductivity of the bulk material is slightly lower for
the oxygen-cooled sample as compared with the
samples cooled in nitrogen. We did not succeed
in preventing the formation of boundary layers by
quenching.

VII. THE NATURE OF TRAPPING CENTERS

In samples 1 and 2 we could describe our mea-
surements by assuming an exponential trap distri-
bution in the boundary layer. There are several
independent indications pointing to the presence
of continuous trap distributions in YIG, e.g., mea-
surements of induced anisotropy, 18 ferromagnetic
resonance, !® light-induced changes in optical ab-
sorption, 2° and photo-induced changes in magnetic
properties. 2l 1t would be interesting to know the
nature and origin of these trapping centers.

From the analyses of the impurity concentration
of the spray-dried samples, we find, neglecting
intrinsic defects, N, =N, ~iNp. Np is mainly de-
termined by the Si concentration and if no intrinsic
donors and acceptors were present, the Fermi
level would be expected to lie about 0. 3 eV (the
ionization energy of Si-doped YIG) below E,. How-
ever, we found E,— Ez=0.88 eV in Sec. V. On
this basis the origin of the exponential trapping
distribution should be sought in intrinsic defects.
The influence of annealing treatments can be de-
scribed by the presence of vacancies of oxygen
and it is natural to relate the exponential trap dis-
tribution and the oxygen vacancies.

Oxygen vacancies may appear as neutral (V),
singly positively charged (V;), and doubly posi-
tively charged (V') in relation to the neutral lat-
tice. (We use the Kr8ger-Vink notation.) The
neutral and singly charged vacancies may be ion-
ized and act as donors, but it is known from mea-
surements on undoped YIG?2 and on Si-doped YIG®
that part of the iron is present as Fe®. We there-
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fore describe the oxygen vacancy in the form of
donor complexes as

[nFege* Vo]2[(n - 1)Feg,* Fekre* Vs,
[#nFere* Vo] =[(n- 1)Feg,* Fere* Vo'].

Here Fep, denotes an iron ion in its normal valence
state (3+) on a normal lattice site. The notation
for the donor complexes is intended to indicate that
the electron moves in the coordination sphere of

n iron ions surrounding the oxygen vacancies. When
the donor complex is empty, we can describe the
trapping of an electron by the reaction

[ nFege* Vg ']+electron
~[nFeg,* Vo]2[(n - 1)Feg, Feg,* Vi'].

A quasicontinuous distribution arises with variation
of the number n. This is equivalent to the picture
of an Fe%, ion at varying distances from the oxygen
vacancy. The presence of neighboring complexes
at varying distances in the lattice will also induce
variations of the distance from the Fef, to the V'
within a given donor complex. The model presented
in this article supports the qualitative models of
Dillon et al.?® and of Enz et al, >* which were based
on quite different experimental evidence. The ener-
gy distribution of traps described above is to be
expected in both single crystals and polycrystalline
material. Apart from this we have, in polycrystal-
line materials, regions of atomic disorder forming
the grain boundaries, which can also give rise to

a continuous trap distribution. Experimental evi-
dence for this comes from measurements of, for
instance, amorphous materials. !

SUMMARY

We have described the experimental results of
measurements of the variation of the current as
a function of an externally applied dc voltage on
n-type polycrystalline YIG. At low voltages an
Ohmic behavior is observed, while we find a power-
law relationship i=CV*® at higher voltages. Di-
electric measurements showed a strong dispersion
of the permittivity and conductivity in the frequency
range 10°°-10° Hz. The dielectric behavior can be
satisfactorily explained in terms of the Maxwell-
Wagner model described in Sec. IV A.

We did not succeed to explain the dc current-
voltage characteristic with the aid of the existing
theories, i.e., with the assumption of potential
barriers between the grains. Instead, we developed
a theory of current injection in inhomogeneous
solids.

In the non-Ohmic region the current is space-
charge limited and largely determined by the num-
ber of free charge carriers in the boundary layers.
For a quantitative description of one of our mea-
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surements we assumed that the traps are dis-
tributed exponentially. We finally discussed the
nature of the trapping centers. It was presumed
that intrinsic defects, supposedly complexes con-
sisting of an oxygen vacancy and a varying number
of iron ions, are responsible for the continuous
trap distribution observed.

We may summarize by saying that the observed
current-voltage characteristic of polycrystalline
YIG can be explained both qualitatively and quan-
tatively in terms of injection of charge carriers

2025

into an inhomogeneous solid characterized by two
layers with different conductivities. In particular,
the theory would explain the experimentally ob-
served occurrence of powers a <2 in the relation
i=CV*, which is not possible according to the
theory of scl currents in homogeneous solids.
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