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Abstract. A high-frequency method is described that, working at 10 mega-
cycles, enables very sensitive measurements of magnetic, paramagnetic and even
diamagnetic susceptibilities and losses of rocks and minerals within a temperature
interval ranging from —196 °C up to about 700 °C. The physical principle is
explained and a detailed wiring scheme illustrates the technical realization. The
evaluation of the output signal is based on a theory of measurement which yields
three different measuring techniques, the advantages and disadvantages of which
are also discussed. To succeed in getting absolute results 2 somewhat sophisticated
calibration procedure is worked out and has been tested using salts of known
paramagnetic properties. Some experimental results finally exemplify the wide
ranges of sensitivity and applicability of the method.

Key words : Magnetic Susceptibility — Hysteresis Loss — Magnetic Anisotropy
— Curie Point — Phase Transition.

$ 1. Introduction

On the occasion of the ‘NATO-conference on Paleomagnetic Methods’,
held in the Physics Department of the University of Newcastle upon Tyne,
April 110, 1964, two different high-frequency methods have already been
discussed with tespect to their applicability to rock magnetism.

The first one, working on the priciple of a usual ac-inductivity bridge
at a frequency of 1000 cycles/sec, has been described by Fuller (1967) who
pointed at the relatively high sensitivity of such a technique and demon-
strated its usefulness for anisotropy measurements. The second one, the
so-called Fraunberger high-frequency method, see Fraunberger (1955),
was explained by Petersen (1967). It is working at 10 megacycles/sec on
the principle of two coupled oscillating circuits one of which contains the
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sample as a core of its oscillating coil. This latter method, measuring
mainly the high-frequency losses, was emphasized to be quite helpful in
determining Curie points of rocks.

Reading these papets, one easily gets the impression that both methods
represent two opposite limiting cases of one ideal measuring principle
which however might be synthetized from them and which then should be
suitable for performing very sensitive simultaneous measurements of
susceptibilities and losses as well. In fact, according to Ehrenfest (1933)
high-frequency losses are extremely sensitive to transitions of Curie points
and generally to all kinds of second order phase transitions which cause
sharp maxima of such losses. On the other hand the susceptibility’s tensor
character is a sufficient basis for anisotropy measurements.

The aim of the present work was therefore to combine both earlier
methods in order to develop at least an approximation to that ‘ideal’
measuring principle. When we had to decide whether to start from Fullet’s
bridge or from Fraunberger’s high-frequency method we preferred the
latter because of its use of oscillating circuits which we regarded to be a
necessary condition for achieving high sensitivity. A more detailed ex-
perimental study of the original Fraunberger apparatus however brought
some imperfections to light which turned out to be rather unfavourable
and should thus be avoided when developing the new device:

1. to get the measuring results, the system of coupled oscillating circuits
so far had to be retuned at each measuring point, i.e. for instance after each
variation of the temperature or any other parameter; thus no automatic
recording could be carried out at all;

2. as no detailed theory of the real measuring device ever had been
worked out mathematically, it temained somewhat mysterious how the
susceptibility could have been measured at all;

3. it was completely unclear how to use that apparatus for simultaneous
measurements of susceptibilities and losses;

4. one of the most important fields of application, the determination of
the spectrum of Curie points of a given rock, was limited to rather volum-
enous and strong magnetic samples only because of the difficulty to avoid
a very marked increase of the zero signal with increasing temperature
caused by the temperature-dependent losses of the coil and of the furnace
material itself; additionally that undesirable effect showed a considerable
temperature hysteresis as is illustrated in Fig. 1 by the dashed curves.

We think however that we could succeed in overcoming these diffi-
culties and it is another purpose of the following sections to report on our
solutions of the above sketched problems.
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Fig. 1. Measuring example shown by Petersen (1967) in order to illustrate the

applicability of the original Fraunberger high-frequency method. The output

signal, being proportional to the high-frequency losses, was obtained during a

heat treatment of a basalt sample of the ‘Rauher Kulm’. For comparison with our

respective results see Fig. 7 and § 4., point 2. The dashed curves are due to

temperature hysteresis caused by temperature-dependent losses of the measuring
coil, the sample container and the furnace material

$§ 2. The Modified High- Freguency Apparatus

The original ‘Fraunberger apparatus’ was first described by Fraun-
berger (1955) and by Schwarz (1963). Its idealized wiring diagram, sketched
in Fig. 2, shows the apparatus which consists mainly of a quartz-stabilized
high-frequency generator working at about 10 megacycles per second and
driving two inductively coupled oscillating circuits each of which again is
coupled to a respective recording device consisting of a rectifier diode
followed by a low band pass connected in series with a galvanometer.

The disadvantages of such a rather simple device are obvious:

a) no automatic recording;

b) no sufficiently clear separation between the high-frequency gene-
rator and the oscillating circuits;

c) low signal/noise ratio at the outputs of the registrating devices;

d) no zero suppress.

Thus, in order to realize the improvements announced in § 1, we mo-
dified the wiring scheme of Fig. 2 into that one shown in Fig. 3. As may be
seen from that figure, the new device just eliminates the weak points
summarized above, i.e. the new apparatus is working with:
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Fig. 2. Wiring scheme of the original Fraunberger high-frequency apparatus, see
Fraunberger (1955). OG.: quartz generator, MC: measuring coil, G: galvano-
meter
Fig. 3. Wiring scheme of the modified high-frequency apparatus. OG quartz
generator, R regulating equipment, B buffer, MC measuring coil, /. AMP inte-
grating amplifier, R1” reference voltage, OC overrange control

1. three oscillating circuits the currents in each of wich alternatively
can be kept extremely constant by means of an integrating feedback system
(which trimms the amplitude of the regulated circuit to the amount indicat-
ed by the reference voltage of the respective recording device); particularly
is it now possible to stabilize the amplitude in circuit I which then acts as
an extremely constant, inductively coupled high-frequency generator;

2. much better signal/noise ratio for instance in circuits II and IIT if
circuit I is stabilized;

3. a very wide-ranged zero suppress brought about by use of differential
amplifiers in each recording device;

4, high output voltage up to ten volts;
5. an error device signalizing overload of the high-frequency generator.

As the clear separation between high-frequency generator and circuits
II and III now allows exact theoretical treatment of the latter ones, it is
sufficient now (according to the outline given in the succeeding § 3) to
record the output signals as functions of the temperature (or of other ex-
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ternal parameters) in order to evaluate the susceptibility as well as the high-
frequency losses. Thus the condition of automatic recording also can be
fulfilled — but besides, of course, it is still possible to use the former
measuring technique proposed by Fraunberger (1955) and Petersen (1967).

Some brief remarks concerning the differential amplification of the
measuring signal may be added:

a) the field-effect transistors at the input of each of the three low noise
low bias current operational amplifiers have been carefully selected with
respect to extremely low offset drift which was tested experimentally;

b) the reference voltage source is double-stabilized and gives a reference
voltage of very low temperature coefficient; this voltage is calibrated over
a range from 0.000 to 0.999 Volts and can be adjusted by a digital display;

c) each operational amplifier computes the difference between the
rectified high-frequency voltage Vgp and the reference voltage Vger,,
multiplicated by an amplification factor A, i.e.

Vout = A - (Var — VRet.), ¢))
where
A = 1; 10; 100; 1000.

§ 3. Theory of the Measuring Procedure

I. General Concept

Starting in a similar way as Schwarz already had chosen in 1963 in order
to develop a quantitative theory of the Fraunberger apparatus, we base our
considerations on the following set of equations the physical meaning of
which is also illustrated by the vector diagram shown in Fig. 4:

612+ﬁ32=i2'(R2+i'w’L2+l/j'w'C2) 2
Ugs =I5 (R3+j @ La+1/j- @ - Ca); ?3)

here the ac-voltage Uy, induced in circuit k by means of inductive interac-
tion with circuit i, is given by

Uk =— o Lu-Ii k=1;2;3; )
with j = (—1)1/2, with Ljx = Ly denoting the coupling inductance be-
tween circuits i and k, and with the ac-current I of circuit i being represent-

ed by
L =T exp(j - (o - t4 o)), ®)
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Fig. 4. Vector diagram illustrating the phase relations taking place in a system of

three inductively coupled oscillating circuits. Fig. 4a. describes the more general

case of (La—1/w? - C2) > O, while Fig. 4b. is true if circuit IT is tuned to resonance,
Le if (Le—1/w?2-Cp) =0

where the o; are defined in Fig. 4. The symbols Ry and R3, Ls and Lg, and
Cgand C3 designate the total resistance, the total inductance, and the variable
capacity of citcuits 2 and 3, respectively. Egs. (2) and (3) hold true if there
is no matter inside the coils or the condensors, i.e. if neither the magnetic
nor the dielectric permeability differs from one. If however, particularly in
circuit ITI, the magnetic permeability u really differs from one — which is
the case we have to discuss in the subsequent sections —, we can take into

account this according to Feldtkeller (1949) and Kneller (1962), by adding
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two sample-induced terms ALg and ARg to Lg and Rg of circuit III,

respectively. Interpreted as functions of the real and imaginary part of the
complex permeability

A= prtim ©)
according to Feldtkeller and Kneller, these terms can be written as

ALg = i - (n2 - FJ) @

and
ARg = i~ (w - #2- FlD), ©)
whete 7 means the number of windings of the measuring coil, F its cross

section and / its length, respectively. In the case of @ + 1, Eq. (3) therefore
has to be extended to the following expression

Upg =1 R34+ AR3+j-w-(Ls+ALg)+1/j- w - Cg) (3a)
which — as well as the complemetnary Eq. (2) — will split into two equa-

tions if the respective terms Uiy, I are substituted according to Egs. (4)
and (5), respectively. We then get the following system of basic equations:

Rs+ AR3g = w - Loz - (I2/I3) - cos ¢ )
w-(L3—1jw2-C3)+ w-AL3 = w - Lag - (I2/I3) -sing (10)
Ry =w- Lz (I1/I2) - cos y+ w - L3a - (I3/lz) - cos ¢ 11
w-Lo—1/w-Cp = w-Lia-(I1/I3) -sin y+ w - Laa - (I3/I) - sing, (12)

where, according to Fig. 4a, the phase angles ¢ and y are given by
@ = (g — ag) —7[2 (13)

and
p = (a1 — ag) —7/2. (14)
The aim of the following considerations are relations of type

. ARg/Rg = f1(Al3/I3) (15)
an
w * AL3/R3 = fg(AI3/Ig), (16)
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with the symbol A meaning ‘small deviation from . ..’, and with the func-
tions f; and £ being as simple as possible.

Trying thus to simplify Eqgs. (9)—(12), we take advantage of all useful
properties of the apparatus, namly:

a) the possibility of keeping alternatively constant either Iy or I5 or I3;

b) the possibility of tuning all oscillating circuits independently of each
other either to resonance or to special points of their resonance curves.

For instance if we tune circuits I and II to resonance and keep the
amplitude I of circuit II additionally constant, circuit II will work as a
new and very constant high-frequency generator with respect to circuit
IIT, i.e. we can completely forget the existence of circuit I and thus, in this
case, we only have to deal with Egs. (9) and (10) where however I now is
constant too.

Another possibility would be to regulate the amplitude I3 of circuit III
automatically constant and to measure simultaneously in circuit II which,
as well as circuit I, should have been tuned to resonance before. Again,
as in the case above, the evaluation of inductance and resistance has to
start from Eqgs. (9) and (10) only.

Finally we may keep constant the amplitude I; of circuit I which to-
gether with circuit IT has been tuned to resonance before. In this case
however it is necessary to measure I and Ig in circuits II and III simal-
taneously, and to use the total set Eqs. (9)—(12) in order to find out the
sample-induced normalized changes AR3/R3 and w - AL3/R3, respectively.

II. Quantitative Description of Three Measuring Procedures

1. Measurement of Iy during Automatic Regulation of I3

From a formal standpoint this technique seems to be the most elegant
one. It starts from Eqgs. (9) and (10) which can be simplified once more by
introduction of an additional arbitrary condition, demanding that

(-Lg—1/w-C3)? = R} 7

— which can be fulfilled by two suitably chosen values C;I, C;Z — and
meaning physically that circuit IIT without sample has to be tuned either to
the high-capacity flank or to the low-capacity flank of its resonance curve
the maximum of which has the coordlnates I3, and C3p = 1/w?-Ls.
To ﬁnd the low-capacity value Ch = Csl and the high-capacity solution
Ch = C32 experimentally, one only has to tune circuit III to resonance and
then either to lower or to increase Cg until I3 has decreased from Iz, to

T3maxl @)V/2.
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Fig. 5. Schematic representation of two pairs of resonance curves of circuit III
shifted from the non-drawn original resonance curve (at I3 = I3 . and La=
= Lgo = 1/w?:Cgg) to positions of higher (Lgo-+ AL) and lower (L3p—AL)
inductance, according to the instructions given by eq. (17) which defines the two
corresponding capacity values Ch and CY, respectively. If, in the case without
sample, C3 for instance is tuned to C} <C Cao, the current I3, being proportional
to (RE+(w- Lao—1/w?-CH2)~1/2, will decrease to I2ax/12, and thus the
system will be adjusted to its working point at the lower flank of the right-
handed (undamped) resonance curve. Let now a sample be put into the measuring
coil. Then an increase in inductance (AL) and an additional damping (AR) will
occur, and the point of state of the oscillating system therefore has to move twice:
once from (Lso; Isy../J2) to (Lso+AL; I, /Y2 -+ AIR(AL;O)), and from
there secondly to (Lso+AL; I, /J2-+- ATS(AL; O)—AI4(O; AR)) = (L3o+
4+ AL; Isp. /)2 + ATB(AL; AR))

Trying to understand the application to our measuring problem, we
should have a look at Fig. 5 where the resonance curve of circuit III is
represented as a function of the inductance Lg. If we tune C3 to Cgyg, the
resonance maximum will occur at Iz =13 and Lg = Lgg (Lg in the
figure) which is the inductance of circuit III without sample. If, on the
other hand, Cg is tuned to C} or to CI:;, the maximum of the Ig—Ig-curve
is shifted to higher or to lower Lg-values, respectively, as is shown in Fig.
5 which illustrated that in these cases the ‘working point’ of circuit III lies
on the lower or on the upper flank of the I3-Lg-curve, respectively.

Our measuring procedure therefore has to run as follows: once we have
to tune circuit III to Cg = Cg and circuit II to resonance and — keeping
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I3,,,,/(2)1/2 automatically constant — to measure Iy as a function of the
sample-induced losses and susceptibility changes, and then we have to
fepeat this same measurement on the opposite flank of the resonance curve,
i.e. in the case of Cg = C§ and Izp = I3,,./(2)1/2 = const. Using Egs. (9),
(10) and (17), we can completely desctibe that procedure by a set of four
equations:

Rgo+ o+ ALg = w - Lag - (Tz0+ AT3)/I30) - sin gh (18a)
R3o+ ARg = - Lag - (20 + AIB)/Is) - cos ¢h, (18b)
where Igg = I3, /(2)1/2 and C3 = Cg, and additionally by
—Rgo+ - ALg = w - Lag - (Iz0 -+ AI3)/T30) - sin ¢! (19a)
Rso+ ARz = o - Log - (T20+ Al3)/Is0) - cos ¢, (19b)

if C3 = C3.

It is only elementary mathematics now to show that elimination of
sin gh and cos @b, and of sin ¢! and cos ¢!, respectively, followed by neglect
of second order terms, finally yields the result:

- ALg/Rgq = AIb/T5g — AT}/Izg (20)
ARg/R39 = AL}/Ip0+ AI3/Iz. (21)

2. Measurement of I3 during Antomatic Regulation of I,,,, = const.

In this case we first tune circuits I and II to resonance and then circuit
III additionally once to a C§ which, defining a suitable working point on
the hlgh—capaaty resonance flank, is given by Igo =Ig , -(2/3)1/2, and
then to a C3 which also has to yield Igp = I3,  (2/3)1/2, and which thus
defines the corresponding working point on the low capacity flank of the
resonance curve. On both flanks Alz has to be measured as a function of
the sample-induced high-frequency losses and susceptibility changes,
while I . at the same time should be kept constant automatically.

Proceeding in this way the evaluation can be catried out as follows:
elimination of sin ¢ and of cos ¢ from Egs. (9) and (10) leads to

(R3o+ ARg)2+(w - (Lgo+ ALs) — 1/w - C3)2 = w? - Lag - (I2/I3)?, (22)
i.e. to a function of type

I3 = I3(R3o+ AR3, Lao+ ALs). (222)
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The intention of the next steps is to determine the points of inflection
of that resonance function (22a) in order to expand it there into series of
AR 3 and AL3, hoping to get sufficiently good linear approximations of the
by Egs. (15) and (16), respectively. At first it can be type characterized
concluded from the conditions

815/0Lg =0 (23)
and
2213/0L3 =0 (24)

that the points of inflection of the resonance curve ate again determined by
a certain Ch and by a corresponding C%. The latter can be calculated from

—R30 = (V2 (- Lgo — 1/w - C3), (25)
while the former follows from
Rgo = ()12 (@ - Lag — 1/or - C3). (26)

In other words: C§ and C3 are just those capacity values which lead to
I3-values of magnitude (2/3)1/2 13, .
Now we have to expand the functions

I§ = o - Lag - Ino/(Rso+ ARg)2+ (@ - (Lgo+ ALg) — 1/w - C5)2)H/2 (27)
and

15 = - Lag - Tao/(Rso+ ARg)2+ (1/w - C5 — w - (Lgo + ALg)2) /2 (28)
into series for AR3/R30, AL3/L3o, and obtain to first order

—(AR3/R30) = ((Al3/Ts0) + (AT3/Tgp)) - 3/4 (29)
and
(- ALg/Rg0) = ((AT3/Ige) — (Al3/Tg0)) - (2)1/2 - 3/4. (30)

3. Simnltancons Recording of Is,,,, and I3 during Automatic Regulation of 11,
= const.

Here circuit I plays the role of an extremely constant high-frequency
generator, only while I, of circuit IT as well as I3, taken on one of the
resonance flanks of circuit III, both will change markedly if a sample is put
into the measuring coil, or if the sample’s susceptibility or its losses start to
change as a function of varying external parameters as temperature, mag-
netic field or applied pressure. Simultaneous measurement of I and I3
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should therefore yield two independent informations during one run, and
consequently expressions of type (15) and (16) should be evaluable at least
approximatively.

In fact can they be deduced from Egs. (9) to (12), using the following
technique:

1. elimination of siny and cosy from Egs. (11) and (12) yields an
expression which, together with Eq. (9), then enables the elimination of
cosg too;

2. substitution of Ig and I3 by (I29+ Alp) and (I3¢+ Als), respectively,
and expansion into a power series with respect to Al and Alg finally yields
the first result

AR3 = Ry - (I20/I30) * (Al2{I30) — (R2 - (I20/I30)2 — 31
— ((w + L12)?/R2) - (110/130)2) - (Al3/I30);

3. rather analogously an equivalent expression can be found for w - AL3
by elimination of sing and cosg from Egs. (9) and (10), neglect of second
order terms, expansion into power series with respect to Al nad Alg, and
by substitution of ARg by Eq. (31):

w - ALg = (Aly/I30) - (I20/I30) - ((w - L23)2 — 2.R3 - R3p)/ (32)
o+ (L3 —1/w?-Cg) — (Al3/I30) - (w * L23)? - (120/130)% +
+2-Rso - (R2 " (I20/I30)% — (I10/130)% - (@ - L12)2/Ry))/

Jo - (Lg—1]/w2-Cs).

Among all the quantities occurring in Egs. (31) and (32), the following
ones are immediately measurable: Iyq, I2o, I30, Alg, Als, w, C3. The total
inductance Lg of citcuit III (in the case of empty measuring coil) is given
by the resonance condition Lg = 1/w?-Cgg. The total dc-resistance Rgg
of circuit III can also be evaluated by the subsequently discussed calibration
procedure. All other quantities on the right hand sides are sample-inde-
pendent constants of the apparatus and could principally be measured by
use of special calibration techniques. Although probably not very exact,
it might be possible therefore to determine AR3 and w-ALg even ab-
solutely. We confine ourselves however to relative measurements, making
use only of the linear relationships:

ARg = A - (Al/I30) — By - (Al3/Is0) (33)
w-ALg = Ag - (Alz[I30) — Bz - (Alg/I30), (34

and calibrating the factors A1, Ag, B, Bg, by measurements on well known
standard samples.
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II1. Calibration Procedure

What we are really measuring with the modified Fraunberger High-
Frequency Apparatus are dc-output voltages Ug m, Us m, given by the
differential amplifiers of the respective measuring devices. These dc-voltages
however are functions of the cortesponding ac-voltages Ug, jnq. and Ug, ind.,
originating in the coupling coils of the measuring devices (see Fig. 2) and
depending therefore inductively on the high-frequency currents I and Is
of the oscillating circuits II and III, respectively. What we need are rela-
tions of type

Io =a3+by-Usm (35)

I3 =ag+4Dbs: Us,m (36)

in order to be introduced into the theoretical results of the above section,
i.e. into the paits of Eqs. (20)—(21), (29)—(30), and (33)—(34), respectively.

To succeed we suppose Usg, jna, and Ug, ing, to be always higher than
the critical voltages Uge and Ug, above which the diode characteristics of
the measuring devices are linear. The diode currents Igq and I3q are then
linear functions of Uy, ing. and Usg, jnq., i.€.:

Isqg = ag - (Ug, ina. — Uze) (37

I3qa = a3 (Us, ina. — Use)- (38)

As U,y and Us, p additionally are proportional to Iaq and Igq, tespec-
tively, we find also

Ug,m = y2 (Ug, tna. — Usze) 39)
Us,m = 3" (Us, inda. — Usc), (40)
where
y2 = ag - f2, y3 = a3 f3 (41)
and
Us,m = B2 124, Us,m = B3 Isa. (42)

Finally it follows from the coupling conditions
Us, ina. = @ LIz (43)

U3, ina. = o+ L3¢ I3 (44)
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that
Io = (Ug,m+y2- Usc)/ys - @ - Lac (45)
I3 = (Us,m+y3-Use)/ys- - Lse, (46)

and
Aly = AUg m/ys - w - Lo (47)
Alz = AUg m[y3- @ - Lae. (48)

According to Egs. (20), (21), (29), and (30), it is sufficient to know the
ratios Alp/Is and Al3/Ig in order to deduce from them the wanted normaliz-
ed quantities AR3/R3¢ and w - ALg/R3. Because of Egs. (45)—(48) it is
clear therefore that the aim of the following considerations should be to
determine Rgg and the products yg - Uge, and y3 - Uge by means of suitable
calibration procedures. Let us therefore start from the proportionality

Us,ima. = 23" @ Log To/(Rso+ (@ - Ls — 1w - Ca)DV2,  (49)
where #3 means a certain proportional factor. Then we have
U2,m =72 (LZc ‘oI — UZe) (50)

and

U3,m = 93" (8,3 cw L23 . Iz/(Rgzo—i— (w N L3 —_— 1/0) . C3)2)1/2 -_ Ugc). (51)
Elimination of I, yields

(Uz,m+7y2-Uz)?2 (w-Lg—1/w-Cs)?
¥%-R3o- A R > (52)

with
A = (Ug,m+y3-Use)?- (w - Lac/ys-ag- w- Lag)2. (53)

If A is kept constant, Eq. (52) obviously is a hyperbolic relation between
Us,m and 1/w - Cg. Thus we deduce the following method of calibration:

1. Adjust circuits I, IT and III as described in § 3, section II, point 1,
and regulate I3 then automatically constant.

2. Measure Ug,m as a function of Cg and draw the respective branch of
the hyperbola.

3. Choose three arbitrary points of the hypetbola and substitute their
coordinates as well as those of the angular point into Eq. (52), thus getting
four equations for the four unknown quantities yg+ Uge, @ - Lg, R320 and
yg -R3p+ A, which then can be evaluated.
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4. Repeat the procedure described in points 1) to 3), but adjust circuit
IIT to another value Ug m as at the first time; so you will get a second set
of values yg - Uge, w - L3, Rs) and y% *Rgp - A, which on the one hand will
illustrate the accuracy of absolute measurement, while it on the other
hand will enable you to determine yg3 - Use too, which, according to Eq.
(53), depends linearly on Us,m and on (y3 - Rgg - A)1/2:

(3 - Rao - A)/2 = const. - (U, m+ 73 - Uza),
with

const. = w * ch/yg cag-w - Lag.

$ 4. Examplification of Sensitivity and Applicability

One of the crucial tests of the modified Fraunberger apparatus doubt-
lessly can be carried out measuring the susceptibility of paramagnetic salts.
Let us therefore start with:

1. Calibration Measuremenis Using Paramagnetic MnSOy - H30

The calibration procedure described under § 3, point III, yiclded the
following constants of our apparatus:

72 Ugq = 173.5mV +79, (54a)
y3-Usa = 168 mV £79% (54b)
Rgo = 9.55 Q2 +6%, (54¢)

w - Lg = 561.5 2 4+-1.59%,. (544)

Using these values and measuring 10.4985 grams of paramagnetic
MnSO4 - HoO-powder at room temperatute due to method 2. (see § 3,
point II), we got changes of inductance and of resistance amounting to

w-AL =502-10-3 Q
AR =7.74-10-3 Q.

Substituting into Eqgs. (7) and (8) and taking into account the geo-
metric data of the measuring coil, i.e. # = 3.5, F =352 -7 cm?2, / = 4.5
cm, we found a susceptibility of

4 = 5.8 -10-5 [(GauB/Oe)/gram]
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and an imaginary part u; of the complex permeability of
ni =1.2-10-4 (e. m. u./gram).

According to Landolt-Bornstein’s handbook (1966), the best y-value
of MnSO, - HyO-powder at room tempetature is 8.4 -10-5 [(GauB/Oe)/
gram)].

Thus we state a deviation of 309, down to lower susceptibility. The
agreement within 309, appears to be satisfactory in view of the special
geometry of the measuring coil and of the cylindrical powder-tube: while
the diameter of the latter amounts to one inch (thus determining a sample
height of about 3 c¢m in the case of 10.5 g MnSOy - HyO), the dimensions
of the coil are 7 cm in diameter, 4.5 cm in length and 3.5 windings of a
coppet tube of 6 mm outside diameter and 4 mm inside diameter which is
flown through by water of constant temperature. It is clear that under such
conditions a coupling factor has to be taken into account which we there-
fore, renouncing on its theoretical estimation, postulate to compensate
just the above mentioned difference of 309, between our y-value and the
exact result.

To give an impression of the sensitivity of our apparatus, let us supple-
ment the signal/noise ratio (s/n) of the above calibration measurement. We
were working at (s/n) ~ 36 which is equivalent to a sensitivity S of

Smax = 2.3 - 10-6 [(GauB/Oe)/gram].

As that noise however was of purely mechanical type, arising from a
not very well working mounting system (which on the other hand was
good enough for our purposes), it could be reduced by at least a factor ten.
If additionally the total volume of the measuring coil would be used for
measurement at sufficiently large samples, and if the coil would no longer
be flown through by water (which causes an increase in damping by a
factor 4 and is not necessary for room temperature measurements), a
maximum sensitivity of

Smax = 1-10-8 [(GauB/Oe)/gram]

should really be possible. The corresponding sensitivity in measuring the
high-frequency losses, particularly the Rayleigh constant «, then turns out
to come to about

(Sa)max = 7 - 10-8 [(GauB/Oe?)/gram].
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Fig. 6. Diamagnetic quartz vessel of low heat conductivity, The inner quartz tube

(one inch in diameter) can be evacuated. The outside diameter amounts to 60 cm.

After having been heated up to, say, 200 °C, the cooling process of the quartz

vessel starts at a cooling rate of about 0.5 °C/min which however decreases with
decreasing temperature

2. Temperature-Dependence of Suscepiibility and Losses of a Standard Basalt
Sample of the ‘Ranber Kulm® ( Bavaria)

This example gives us the opportunity to point out briefly how we
solved the problems arising from the above estimated extremely high
sensitivities if measurements are carried out at varying temperatures. The
difficulty was to find materials having strictly temperature-independent
susceptibilities and losses, and to avoid even the slightest changes in the
de-resistance of the measuring coil. It was therefore impossible to put the
coil simply inside a usual furnace or a dewar vessel (in the case of low
temperatures), and it was also completely impracticable to use an electrically
heated furnace inside the measuring coil. Hence, there remained the only
chance to build a totally diamagnetic quarz-vessel of relatively high heat
capacity and low heat conductivity a sketch of which is shown in Fig. 6.
For high-temperature measurements we heat that vessel — which contains the
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Fig. 7. Temperature dependence of susceptibility (—[]—[]—) and losses (—O—0O—)
of a standard basalt core (inch dimensions) of the ‘Rauher Kulm’ (Bavaria).
Measurement was carried out during cooling down from 350 °C. The sample-
containing innet quartz tube (see Fig. 6) was evacuated., The decrease of both
susceptibility and losses is blurred over a temperature interval of about 80 °C.
According to Bleil (1973), there holds a quadratic relationship between the Curie
temperature T, and the titanium concentration x of the titanomagnetite series of
type Feg—xTixO4. He found best fit with his own measurements as well as with
those of Akimodo, Katsuma and Yoshida (1957), Uyeda (1958) and Ozima and
Larson (1970), when supposing: T, = 583.2—567.4 - x—185.5 - x* [°C]. Thus the
titanium concentration of the investigated R. K.-sample is spread over an interval
ranging from about x = 0.55 up to Xmax = 0.66

sample in its inner evacuated tube — in a furnace located outside of the
measuring coil, put it then into that coil which is water-cooled in the way
described above, and measure during cooling down of the sample. Low-
temperature measurements can be performed by pouring liquid nitrogen
into the inner quartz tube and measuring then during warming up to room
temperature.

To attend now to the announced result got by the just mentioned tech-
nique, let us have a look at Fig. 7 which shows the temperature dependence
of both the susceptibility y and the Rayleigh constant « of a standard
basalt core (usual inch-dimensions, i. e, one inch in diameter and one inch in
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Fig. 8. Curie point of a yttrium iron garnet (YIG) single crystal. Susceptibility
(—[OJ—[J-) and losses (—O—(O—) have been measured during cooling down from

about 1.5 - T¢ to room temperature. For more details see § 4., point 3. of the text

height) of the ‘Rauher Kulm’ (Bavaria). During heating and measuring the
sample-containing inner quartz-tube was evacuated thus preventing even
slight oxidation the non-occurrence of which could be proved by repeating
the whole measurement which then gave exactly the previously measured
curves. If there were only one definite Curie point, the high-temperature
flanks of both curves should fall off much more rapidly, i.e. within less
than 5 degrees centigrade (see the following example). It turns out therefore
that the Curie temperatures are spread over an interval of about 80 degrees
centigrade which indicates titanium concentrations of the titanomagnetite
ore grains varying from about 55 mole percent Ulvéspinel up to at least 66
mole percent.

3. Further Examples of Curie Points

Fig. 8 shows the neighbourhood of the Curie point of a yttrium iron
garnet-single crystal. There is a very sudden jump of the susceptibility and
a correspondingly sharp maximum (infinity point) of the high-frequency
losses. The small secondary peak of the susceptibility curve is due to the
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Fig. 9. Curie point of a synthetic Mg AlFeOg-spinel. The temperature dependence
of the high-frequency susceptibility (—[]—[]—) and of the losses (—O——) has
been measured during warming up to room temperature

superimposed earth-magnetic de-field which, according to Markert (1971),
causes parallel pumping resonances of the fluctuating spin systems govern-
ing the magnetic properties near the Curie point (A mote detailed study
of these effects will be published in phys. stat. sol. in the near future). To
demonstrate also a low-temperature Curie point, Fig. 9 shows the sus-
ceptibility and the losses of a synthetic MgAlFeOy-spinel.

4. Low-Temperature Phase Transition of Magnetite

There is a low-temperature phase transition point of pure magnetite
where the crystal lattice changes from face-centred cubic to thombohedral
symmetry or vice versa, depending on whether the sample becomes cooled
down or warmed up during measurement. Because of the occurrence of
temperature hysteresis the transition temperature can vary in between at
least —150 °C and —140 °C, An usual method of detecting such transition
points is X-ray analysis but it was expected that measurements of suscepti-
bility and high-frequency losses also might indicate it. And in fact a rather
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Fig. 10. Low-temperature phase transition point of pure synthetic magnetite,
Within a temperature interval ranging from, say, —155 °C up to —130 °C, both
curves tun quite specularly to the corresponding ones shown in Fig. 8. Again the
susceptibility curve is marked by ‘—[]—[]—’, while the losses are characterized

by ‘—0—0—"

strong effect could be observed as is shown in Fig. 10. Comparison with
Fig. 8 verifies that in the neighbourhood of both of these phase transitions
the susceptibilities as well as the high-frequency losses underlie exactly the
same law, thus indicating phase transitions of the same type, i.e. of second
order — which order, at least in the well analysed case of YIG, doubtlessly
governs the magnetization break-down at the Curie point.

As it promised to be of certain geophysical interest, we repeated the
above measurement using now a natural magnetite single crystal (from
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Fig. 11. Low-temperature phase transition point of a natural magnetite single

crystal (from Zéptan/Sobolin, Czechoslovakia). The very sharp maximum of the

high-frequency losses shown in Fig. 10., does not occur at all — probably because
of the relatively high impurity content of such natural samples

Zoptan/Sobolin). The result is illustrated in Fig. 11. It is obvious from these
curves that the magnetite-low temperature phase transition depends very
sensitively on the — relatively high — imputity content always occurring
in such natural crystals (A more detailed analysis of the influence of the
titanfum concentration on such phase transition points will be given
elsewhere).

5. Influence of de-Magnetic Fields on Susceptibility and Losses of a Standard
Basalt Sample

Using large Helmholtz-coils in order to superimpose dc-magnetic fields
up to 400 Oe in parallel to the ac-field, we studied also how the suscepti-
bility and the high-frequency losses of a basalt standard sample of the
‘Rauher Kulm’ (Bavaria) vary with the dc-field intensity. Fig. 12 shows
the result measured along the positive part of a minor hysteresis loop, i.e.
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Fig. 12. Influence of dc-magnetic fields on susceptibility (—[]—[]—) and losses
(—O—(0O—) of a standard basalt sample of the ‘Rauher Kulm’ (Bavaria), Measure-
ment was carried out along the positive part of a minor hysteresis loop, i.e. had
started from the point of minor negative remanence towards the minor reversal
point (at 400 Oe), and had ended up at the minor positive remanence point. A
first interpretation has been sketched roughly in § 4, point 5 of the text

from negative remanence to the minor reversal point (at 400 Oe) and back
to the positive remanence point. As may be seen from the figure, partic-
ularly the curve of the losses — but also the susceptibility curve — does not
come back to its origin at H = O as they should do however if the sample were
in its so-called ‘cyclic state’, i.e. if each minor loop as a whole would be
reproducable. What we suppose — and shall discuss elsewhere — is a state
of mechanical non-equilibrium caused by means of irreversible deformation
due to magnetostriction of the titanomagnetite ore grains relative to their
rather inelastic silicate matrix.

6. Anisotropy of Susceptibility and Losses of @ Basalt Sample from Mt. Etna

Intending to measure rather small anisotropies, we first proved that
the apparatus really was well-working with regard to this kind of applica-
tion. Therefore a polycrystalline rod of magnetite from Kirunavaara
(North of Sweden) was rotated around its short axis — oriented perpendic-
ularly to the axis of the oscillating coil —, while the measuring signals
(induced on one flank of the resonance curve and after readjusting also on
the other) were recorded versus time, The result, the shape anisotropy of
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Fig. 13. Shape anisotropy of a polycrystalline rod of magnetite (from Kirun-

avaara, North of Sweden) the short axis of rotation of which was oriented per-

pendicularly to the axis of the oscillating coil. The demagnetizing factor amounted

to 0.26 [Oe/GauB]. The susceptibility (—[]—[—) and the losses (—O—O—) are

plotted as percentage deviation from the respective maximum values yo and «p

(with ep meaning Rayleigh’s constant). Obviously the losses show stronger
anisotropy than the susceptibility

susceptibility and losses, is shown in Fig. 13; according to a demagnetizing
factor of 0.26 (Oe/Gauld), a strong effect had to be expected and took place
indeed.

These magnitudes decreased significantly when we attended to aniso-
tropy measurements to be carried out on a basalt core of usual inch-
dimensions, originating from a lava flow of Mt. Etna (gathered near
Fornazzo). The curves which we now got are illustrated in Fig. 14. The
maximum susceptibility change amounts to 80 - 10-6 (Gauli/Oe), the loss
amplitude comes to 60 - 10-3 (Gaul3/Oe?). This example characterizes the
sensitivity of those anisotropy measurements we can perform at the moment
using samples of standard inch dimensions and our standard measuring
coil described above: the minimum susceptibility amplitude therefore
comes to about 10 -10-8 (GauBi/Oec), while the loss amplitude should not
fall below 8 - 10-5 (GauB/Oe?2). If we however would work with a specially
proportioned and very well mounted coil, at least another factor ten could
be won — a factor 4 for instance simply can be obtained by omitting water
cooling of the oscillating coil.
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Fig. 14. Anisotropy of susceptibility (—[]—[]—) and losses (—C—O—) of a basalt

sample (standard inch dimensions) from Mt. Etna. The error intervals are depend-

ing on the rotation angle % because of the fact that we plotted only the changes Ay

and A« versus y — and not, for instance, the normalized quantities Ay/y and
Acfe the error of which would not decrease to zero at yp = O

On the other hand our present device enables us to do anisotropy
measurements also at temperatures varying from nitrogen boiling point up
to about 400 °C and this might open another field of interesting applications.
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Note Added in Proof. In Figs. 13 and 14 the scale numbers of the rotation angle
¢ have to be divided by 2.



