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IONIC CONDUCTIVITY OF Rbﬁg415 IN THE MICROWAVE RANGE
by
Victor M. M. Lobo
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SUMMARY

The ionic conductivity o and the complex permittivity
€ = €' - ie" of a crystal of RbAg,I. was calculated from mea
surements in the range of 27 to 39 GHz. The crystal was pre-
pared from RbI and Agl, and tested by DC conductivity measu-
rements. The conductivity is found to be constant in that mi
crowave range, in contrast to what is observed in crystals
such as a-Agl, o-Cul and B-CuBr, where a diffusion mechanism
intermediate between the jump diffusion and the single diffu
sion in liquids has been proposed. Therefore, elementary
steps of translational diffusion occur in a time scale fas-
ter than in the above other materials: the moving Ag+ ion
will go with less friction. The complex permittivity of

RbAg4IS has alsc been measured.

Key words: diffusion; jump-diffusion; ionic conductivity;
permittivity; microwave technique; solid electro-
lytes; complex conductivity; rubidium silver io-

dine.
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INTRODUCTION

Measurements of the mutual isothermal diffusion coe-
fficient D have been carried out |1| in this Department with
a new open-ended capillary cell |2| which, apart from contri
buting to the understanding of the structure of electrolyte
solutions, are urgently required by other fields of research,
such as the development of the velocity correlation coeffi-

. In fact precise measurements of D are scarce in

cients |3
the scientific literature as shown in |4|. However, and be-
cause our research is based on the macroscopic concept of
diffusion, phenomenologically defined by Fick's first law

of diffusion |5|, we felt the need to have a deeper insight
to the phenomenon of diffusion itself. Consequently we attem
pted to study the movment of ionic species in highly condu-
ctive crystals, as is the case of RbAg4IS, using the facili-
ties of the Physical-Chemistry Institute of the University

of Gottingen, Germany.

The mechanism of self-diffusion may be pictured |6| in
two extreme positions, as schematically shown in Fig. 1, re-
presenting systems of similar diffusion coefficients of the
mobile particles (D = 10_9 m2 5_1, the order of magnitude of
those we have been measuring). On the left-hand side, we ha
ve a situation similar to that electrolyte solutions, where
there is a continous. type of motion obeying the laws of sim
ple diffusion at least down to one ﬁngstrom and one picose-
cond. On the right-hand side, hydrogen in metals, like palla

dium and niobium, definitely performs a jump-diffusion from
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Figure | Diffusion in different systems.

a well defined site to another. In this case it is normally
assumed that the mean time of flight t,, is negligible com-

pared to the mean residence time 19, that is 1 <<ty where

1
= 10711 seconds |7].

To
The diffusion of cations in Agl-type solid electroly-
tes is, in a way, intermediate. Like in typical liquids the
re is a permanent irregular local motion. On the other hand,
we also observe the resting-moving-resting kind of motion
which is restricted-to a three-dimensional periodic system
of regions and channels defined by the addered anion lattice.
Thus, there is also some resemblance to the process of jump-

diffusion, constituting a solid-like aspect of the cation

motion.

The idea of analysing the phenomenon of diffusion by
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measurements of conductivity in crystals.subject to intera-
ction with electromagnetic radiation of large wavelength,
was proposed by Prof. W. Jost, successor of Nernst as head
of the Physical Chemistry Institut of Gottingen. When recei
ving a prize for his work, he said he had been thinking on

the matter for 50 years.

]/=
o<
i -
i
ol
-+
a
@ 4
i
=2
=
— o ﬁc II
o (73]
3 3
= N %
=\,
W

UN2JID OYS

;L\

I

? :l
Fig. 2. Experimental arrangement and (inset) standing-wave pattern

(Ref. 9).
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It is now a fact that the mechanism of diffusion may be better
understood by means of a technique where a sample of material
such as RbAg415 is subject to interference with microwave ra-
diation. The apparatus, developed by K. Funke of the same ins-
titut, Fig. 2, is capable of measuring certain parameters from
which the conductivity of the sample, o, and the complex per-

mittivity, € = ¢' - ie", can be computed |8, 9].

Standing waves are used, and the radiation is within the
microwave region. The two opposite side walls of a rectangular
waveguide are made either of the sample to be tested (prepared
by melting onto metal holders), or of silver, taken as an ide-
al conducting metal.

An appropriate technique allows the measurement of the
wavelength A when the radiation interacts with the sample,
considered as a non-perfect conducting material (but a highly

conducting one) and A = ig when silver, considered as a per-

pc
fect conducting material, replaces the sample. It also allows
the measurement of the voltage standing wave ratio, measured
in decibels, VSWRDB, as a function of a distance &, the length

of the material interacting with the radiation (& = distance

from the beginning of the specimen part to the short circuit).

The attenuation ATT(2) is computed from the VSWRDB, and
ideally should give a straight line, whose slope is the atte-
nuation coefficient o. Appropriate techniques have préviously
been developed to calculate this o from the "sinusoidal-like"

type of curve which in practice is obtained.
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THEORY OF THE METHOD

The ionic conductivity in the microwave range of a crys
tal can be calculated from measurements performed with the
equipment shown in Fig. 2, where a TElU— '.v.ran.r:-:(-*j in a rectan-
gular waveguide is considered, either with perfectly condu-
cting walls (silver) or with walls of'a highly conducting die
lectric sample of complex permittivity ¢ = ¢' - ie" and con-
ductivity o = ep " w. The theory of the method has been des-
cribed |8, 9| and we shall outline here only its main points
from the above references.

Within the waveguide with perfectly conducting walls,
the equation

V2E = e,u,02B/0¢2 (1)
has to be satisfied and the TE,,- type solution is

éxrx, g, A= 48
ﬁy(x, z, t) = By sin (na/a) exp (jut - ?pcz) (2)

Fz(x, 2y T o=l

where the symbols represent well-known parameters |e.g. 10, 11/

The propagation factor ?pc is purely imaginary as there is no
attenuation; the index pc refers to a property displayed in
the waveguide with perfectly conducting walls; a is the width
of the waveguide.

In the case of a waveguide with side walls of a highly

(*) TE, - wave: electrical field vector in transverse to the

10
direction of propagation of the waves; the
number of standing half-waves in the x and y

directions are 1 and 0, respectively.
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conducting material, the TE, - type solution of the wave

10
equation is
Exrx, z; L) =
Ey(x, 2; t) = Ensin(naf::ﬁg)exp[jmt - yz) (3)

Ez(x, gy ) = 0.

The small quantity 8 is introduced since Ey does not vanish
at the walls because of the finite conductivity of the wall
material. The solution of (3) is symmetric with respect to
x = a/2. The propagation factor 7y = a + jB now contains an
attenuation factor « and a phase coefficient 8, which is ge-

nerally different from the wave-number B ?pc/j. It may

pc
be also shown that

_m
§ =2

1 -2 (4)
152 # (w/e)2|1/2 2
and so § is a function of 7.

The imaginary part of § is related to the attenuation
of the wave in the tx-directions, i.e. to the energy transfer
into the side walls. As soon as a, w, and ¥ are known, the
field distribution E(r, t), A(r, t) within the waveguide is

given by equations (3) and (4) and

curl E = - juu i (5)
To calculate the complex permittivity we consider the
field inside the specimen and then the wave equation within

the dielectric, at x € 0, may be written as
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= 6
2% 5 {(€; 25 T) = EzEy(x, z, t) (6)

where

. R
k= [{«‘2 * 02 J 4 )

At the surface of the specimen, Ey has to be continuous
for all possible values of z and t. Therefore the quantities
¥ and w which describe the wave within the waveguide must al-
so be used within the dielectric. The electric field inside

the specimen, at x %2 0, is

Emfx, g2, t) = 0

(0, z, t)exp(kz) (8)

&=y

ﬁy(x; gy, ) =
ﬁz(x, 2, t) = 0
With the help of equation (5) the magnetic field inside the
specimen is obtained. The requirement that f be continuous
at the surface of the specimen leads to an expression for k.

Equating ﬁz(O, z, t) derived from (3), (5) and (8) gives

£ o tt)-icob T8 (9)

a + a8 a + 28

and the complex permittivity may be calculated from equation

(7):

g == (%)-2(123 + §23 (10)
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Thus, when a, w, and 7 are known, & can be calculated.
EXPERIMENTAL AND CONCLUSIONS

The structure of RbAg4I5 had been described by Geller
|[12]. For the present work, a sample of RbAg4I5 crystal was
prepared by fusing at 750°C in a vacuum line, with a low
pressure of N, (about 1/3 atm.), a mixture of 1 part of RbI
to 4 parts of Agl. The powder, finely divided and thouroughly
mixed for a few hours, is carefully placed in a quartz ampou-
le, heated in darkness up to around 725°C above room tempera-
ture (29 mV on the thermocouple reading) for 30 minuts. Even-
tually the ampoule is sealed with acetylene/oxygene flame.
Once fused, the sample must be cooled as fast as possible,
and so it is dropped in cold water. The crystal is then care-
fully polished.

A quality control test is carried out by measuring its
DC conductivity applying the van der Paw method |[13|. Four
silver electrodes, A, B, C, D, Fig. 3, were $oldered to a
rectangular crystal with both faces polished with sand paper,

using an HZ/D2 flame. A 400 Hz signal is applied to A and B

]

Fig. 3. Measurement of the DC conductivity o, by the van der

Paw method.
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and simultaneously the current flowing between C and D is
read. This procedure is repeated with points A + C and B + D.
From the results of a particular case, the DC conductivity

1, a value close enough to

was calculated to be 0.199 (gcm)
the expected 0.165 and so the crystal can.be considered of
good enough quality. Similar results were obtained with other
samples. Whereas o(RbAg,Ic) = 0.2 (ohm cm}_l. we should see
that o(NaCl) = 10”° and o(Ag) = 10°.
A few samples of RbAg415 crystals were made and the

best ones choosen for microwave tests.

The microwave apparatus used, Fig. 2, has been previous-
ly described |9| and consists basically of a Hewlett Packard
HPBO90A Sweep Oscillator, a HP 415 SWR meter and an appropri-
ately designed compartment to hold the cell with the RbAgals
crystal.

The microwave generator may be set at desired frequen-
cies. We have choosen to work at frequencies 2?.010, 29.000.
31.000, 33.000, 35.002, 37.000 and 38.532
liminary trials. The short circuit represented in Fig. 2 can

GHz, after some pre

be moved within the waveguide and its location can be determi
ned with an uncertainty of * 0.01 mm. Fig. 4 shows the results
taken when we moved the short circuit from 90 to 50 mm by steps
of 1 mm. The wavelength has been measured with the walls of the
waveguide made up of'pure silver, and made up of RbAg4IS sample,
at everyone of the above frequencies (Table I).

The attenuation parameter ATT(%), shown in table II is
calculated from VSWR DB readings for every position of the short

circuit from 90 to 50 mm in 1 mm steps, and from it, all the
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Fig. 4. Readings of the voltage standing wave ratio in deci-
bels (VSWRDB) versus distance of the short circuit
(Fig. 1), from 90 to 50 mm in steps of 1 mm, at 27.010

GHz.
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other parameters of table II were calculating using a pro-
grammable calculator, according to complex equations previ-
ously described |8]|. Ideally a plot of ATT(&) versus &/mm
should be a straight line, and o its slope, hut Fig. 5 shows
a practical case at one of the frequencies {2?'010 GHz) and

@ is calculated by graphical readings.

TABLE I
1/2 wavelength in the case of pure silver walls (Fig. 2) in
the waveguide (blank) and in the case of RbAg415 wall with

thickness of 1.55 mm (or 1.00 mm denoted by *).

Frequency/GHz 1/2 wavelength/mm

Blank PbAg415 Blank RbAgaI5

27.01o |27.00 8.75 8.16

8 2 95
(29.000) [29.000 ?.0818
31.?00 31.000 6.526 6.2986
(33.000) |33.000 5.4515
35.002 35.002 5.324 5.2272
(37.000) |37.000 4.8213
38. 3 : .
532 38 532 4 626 4 5542
e 3 o B e .
oF | 3T . 01o 8 3996
31.000% ¥ . s
0o*|31.000 6 3495
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TABLE 11

Attenuation factor ATT(1) calculated from voltage standing
in decibels (VSWR DB) measured at specified frequen
cies as the short circuit of Fig. 2 is moved from 90 to 50 mm by

wave ratios

steps of 1 mm.

mm
Freq.
VSWR § ATT

80

89

88

87

86

85

84

83

VSWR

29.000 { ATT

33.1
0.022

32.9
0.023

32.2
0.025

31.4
0.027

28.15
0.039

20.55
0.094

15.36
0.172

11.31
0.2789

VSWR

31.000 { ppp

34.6
0.018

34.0
0.020

33.2
0.022

32.1
0.025

28.5
0.038

21.45
0.085

15.43
0.171

11.97
0.258

VSWR

33.000 { ATT

35.3
0.017

34.5
0.013

33.4
0.021

31.45
0.027

27.13
0.044

20.72
0.092

15.65
0.167

13.15
0.224

VSWR

35.002 { ATT

34.6
0.019

33.0
0.022

32.1
0.025

31.4
0.027

27.18
0.044

20.45
0.085

15.75
0.165

13.85
0.206

VSWR

37.000 { ATT

34.5
0.019

32.9
0.023

31.9
0.025

31.2
0.028

26.42
0.048

19.70
0.104

15.56
0.168

14.29
0.195

VSWR

38.532 { ppp

33.4
0.0214

33.1
0.0221

31.45
0.0268

30.6
0.0235

24.75
0.0578

18.13
0.125

14.85
0.183

14.05
0.201

mm
Freq.
VSWR § ATT

82

81

80

79

78

77

76

75

VSWR

29.000 { ATT

9.05
0.365

7.80
0.407

8.30
0.405

8.27
0.409

7.63
0.442

6.40 .

0.5621

5.18
0.620

4.36
g.702

VSWR

31.000 { ATT

10.74
0.2989

10.58
0.305

10.60
0.304

9.78
0.336

8.65
0.388

6.70
0.500

6.00
0.551

6.05
0.547

VSWR
33.000 { ATT

12.50
0.242

12.55
0.240

11.78
J.264

10.08
0.324

8.56
0.392

7.93
0.425

7.00
0.481

6.97
0.482

VSWR

35.002 { ATT

13.55
0.213

13.48
0.215

12.03
0.25€

10.08
0.324

9.30
0.357

9.15
0.364

9.13
0.365

8.44
0.398

VSWR
37.000 { ppp

14.37
0.194

13.65
0.2811

11.83
0.262

10.35
0.314

9.94
0.330

9.91
0.331

0.50
0.348

8.38
0.401

VSWR

38.532 { ATT

14.00
g.202

12.85
0.232

10.90
0.293

10.10
0.323

10.06
0.325

9.82
0.335

8.80
0.380

7.90
0.427
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Freq. 74 73 72 71 70 69 68 67
VSWR § A
29.000 { VSWR| 4.17 | 4.35 | 4.44 | 4.16 | 3.46 | 2.74 | 2.27 | 2.16
: ATT |0.723 |0.703 |0.693 |0.725 |0.813 |0.927 |1.020 |1.045
31.000 { VSWR| 6.35 | 6.10 | 5.20 | 4.15 | 3.68 | 3.75 | 4.13 | 4.12
: ATT |0.525 |0.543 |0.618 |0.725 |0.783 |0.774 |0.728 |0.729
33.000 { VSWR| 7-29 | 6.14 | 5.38 | 5.35 | 5.56 | 5.46 | 4.74 | 3.93
: ATT |0.462 |0.540 |0.602 |0.604 [0.986 |0.595 |0.662 |0.752
35.002 { VSWR| 7.33 | 6.62 | 6.62 | 6.60 | 6.24 | 5.49 | 4.94 | 4.84
i ATT |0.460 |0.506 U.§0€ 0.507 |0.533 |0.592 |0.642 |0.658
37.000 { VSWR| 7.62 | 7.51 | 7.50 | 6.93 | 6.22 | 5.60 | 5.81 | 5.82
i ATT |0.442 [0.448 |0.490 |0.481 |0.534 |0.967 |0.563 |0.565
38.532 { VSWR| 7.65 | 7.61 | 7.26 | 6.49 | 6.03 | 6.01 | 5.96 | 5.49
) ATT 10.441 |0.440 |0.464 |0.515 |0.549 |0.550 |0.554 |0.592
mm
Freq. 66 65 64 63 62 61 60 59
VSWR & A
29.000 { VSWR|( 2.49 | 2.67 | 2.55 | 2.10 | 1.53 | 1.08 | 1.15 | 1.45
) ATT |0.975 |0.940 |0.965 |1.059 |1.216 |1.390 |1.358 |1.243
31.000 { VSWR| 3.63 | 2.70 | 2.13 | 2.25 | 2.70 | 2.91 | 2.55 | 1.95
: ATT |0.780 |0.935 |1.052 (1.025 |0.935 |0.898 |0.963 |1.096
33.000 { VSWR| 3.56 | 3.78 | 3.99 | 3.78 | 3.12 | 2.50 | 2.48 | 2.8
i ATT |(0.788 (0.770 |0.744 |0.770 |0.864 |0.973 |0.977 |0.917
35.002 { VSWR| 4.95 | 4.73 | 4.28 | 3.65 | 3.60 | 3.78 | 3.70 | 3.23
) ATT |0.641 (0.663 |(0.710 (0.787 |0.784 |0.770 |0.781 |0.847
37.000 { VSWR| 5.30 | 4.75 | 4.52 | 4.56 | 4.50 | 4.06 | 3.65 | 3.56
2 ATT |0.609 |0.661 |0.684 |0.680 |0.684 |0.736 |0.787 |0.798
38.532 { VSWR| 4.90 | 4.82 | 4.83 | 4.65 | 4.17 | 3.90 | 3.97 | 3.90
I ATT |0.646 |0.654 |0.653 |0.671 [0.723 |0.755 |0.747 |0.755
mm
Freq. 58 57 56 55 54 53 5% 51
VSWR_§ ATT
29.000 { VSWR| 1.70 | 1.67 | 1.40 | 0.92 | 0.45 | 0.55 | 0.92 | 1.18
= ATT |1.164 |1.173 |1.260 |1.470 |1.827 |1.727 |1.470 |1.345
31.000 { VSWR| 1.28 | 1.26 | 1.73 | 2.05 | 1.97 | 1.49 | 0.80 | 0.58
= ATT [71.305 |1.313 |1.155 |1.071 |1.081 |1.229 |1.539 |1.700
33.000 { VSWR| 2.96 | 2.62 | 2.00 | 1.58 | 1.78 | 2.14 | 2.19 | 1.80
ATT |0.890 [0.850 [1.083 [1.200 |1.141 |1.050 |1.038 |1.153
35.002 { VSWR| 2.75 | 2.68 | 2.87 | 2.90 | 2.55 | 2.08 | 1.89 | 2.13
ATT |0.926 |0.938 |0.905 |0.900 [0.963 |1.064 |1.111 |1.052
37000 { VSWR| 3.67 | 3.59 | 3.13 | 2.80 | 2.82 | 2.99 | 2.77 | 2.36
' ATT |0.785 |0.802 |0.855 |0.917 |0.913 |0.893 |0.922 |1.001
38.532 { VSWR| 3.60 | 3.27 | 3.14 | 3.25 | 3.12 | 2.76 | 2.54 | 2.58
ATT |0.794 |0.841 |0.861 |0.844 |0.864 |0.924 [0.965 |0.957

ATT(1)
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Frequency 27.0lo GHz 7

] 1 L

90

Big. 5.

80 70 60
1/mm

Plot of ATT(%) versus the distance g2/mm of the short
circuit (Fig. 1) for the calculation of the attenua-
tion coefficient o at one of the working frequencies

: _1.66-1.18_ -1
(27.010 GHz). In this case, o = R 0.400Cm .
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A summary of the results is shown in table III.
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ra L] [=] o et
S = = = The main conclusion we may derive from the above measu-
S0 & & al & 5
al &1 gl e 5 ments on the RbAg4I5 samples we have prepared, is that the
bl IR R B o ductivit i tant the whol 27 - 39 GH
51 51 6l % 8 conductivity ¢ is constant over e whole range Z.
sl & 8 & * - <4 —i
el Bl J| © g In fact, from table III we see that o is about 0.22 ohm = cm
21 21 ° s for all the studied frequencies except one where we obtained
Sl s 2] o ! ’
h . . - -
= : 2 : § the slightly higher value of 0.25 ohm 1 cm 1. The results are
Rl | ow]| B e . . . .
5 a S =} o in very good agreement with those of Scrosati, Germano and Pis-
]
= = = i + - .
z z = I % toia |14| who, using a rather different method, obtained values
= =] = =
~1 =t = < - - %
? gl Bl 8 o from 0.20 to 0.24 ohm ' cm™). These authors also discuss measu-
Sl 31 £ T 1
g & 2 2 w F.P: rements previously published |15 — 20| which are considerable
= = © . . .
= E o § . o divergent. Later in the same year, Sacrosati [21| found a lower
Al 8| & s = s G :
Ba B B s = value of 0.1 ohm cm for RbAg415 crystallized from an aceto-
=3 wn ~ co 5 & < .
=1 & [ - & = ne solution.
5l 2] & & g
8 21 S| £ = - Therefore elementary steps of translational diffusion
o = = = &
1| o o o I = . ) . . .
[ 4 1k | & occur in a time scale faster than in other materials previously
- 1 1 I + —
(o8] . . . vy v ]
= g g =l e studied by K. Funke and others from the W. Jost school, namely
2l 2] 2] 2 £
af af & g, a-AgI |22]|, o-Cul |23| and B-CuBr |24].
|t e | e = : 2 = . < : "
e = by e i The time the ions are in motion is shorter than an upper
28] = [=] o b
~1 4= = 0 tn i -
by = 2 o " E limit, say less than about 5 pico-seconds: 1 < 5 ps. More than
gl =1 =l & e i
= n & = o i half of the ions are on flight in the previously studied a-AgI,
a o = — 2
~] (=, (23] w .
] (SR <) O ) O whereas in the present sample, RbAg,I., because of the low va-
e — = — oy 475
w | [l=] w : . 2 =
© g 3 a it % lue of the DC conductivity, one would predict that the residen-
(= =1 = = " - " -
= = = e L5 ce time 1y is smaller than the flight time t1;. Therefore we may
b Il ot B ] &
51 2 g e = s conclude that the moving Ag ion will go with less friction in
w =
el ) s 2 the present case than in previously studied cases.
~a &2 ~ [a*] =]
= = v =t
=3} =] | ~1

Another feature of the present work is the computation

of the complex permittivity, € = ¢' -ie", of the RbAg,I. crys-
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tal. We observe that e' is also constant and it is positive in

contrast with other substances such as a-Agl.
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This paper describes results obtained with an AISI 304

stainless steel in 1 M HCL and 1 M KCl solutions, with

the aim of contributing to the understanding of the
processes ocaurring within growing pits. The kineties of
dissolution were studied at eonstant potential by the
seratch method. In 1 M HCLl a salt film formed below the
passivation peak and its rate of formation increased as

the applied potential was made more noble. In 1 M KCl the
rate of film formation was not affected by potential. In
this solution a passivating film developed even before

the current maximum in the anodic polarization curve. Since
the solutions found within growing pits usually have low
pH and high echloride concentrationes it is concluded that,
as pits develop, their surface should become covered by salts

layers of inereasing thickness.

Key Words:dissolution kinetics, pitting, stainless steel

INTRODUCAO

E bem conhecido o facto de existirem altas con-

centragdes de cloretos e de hidrogenides nas picadas que

(Received 16 January 1985 - , .
se formam em varios metais, nomeadamente nos acos inoxida-

In revised form 25 October 1985) veis. Estas concentragdes sao responsaveis pela elevada ve-
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