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The paper presents a theoretical and experimental mvestigation
on the effoct of temperature variation on magnetic core memory dosign
parameters. The temperature problem in a forrite core memory
arises due to the cnergy that is applied for switching the cores. The
switching coefficient is the sum of two independent effects—one
due to the eddy current and other due to the spin relaxation cffect.
These contributions are studied individually as functions of tem-
perature.  Experimental results are presented briefly and used as
a guide to the determination of optimality criterion for designing
optimum magnetic core memories.

1. INTRODUCTION

The most important requirements of a good magnetic material for fast, reliable,
random access core memory are a good squareness ratio and a good thermal
stability. In this paper theoretical and experimental investigations on these
unportant criteria are presented. The toroidal cores used in memory systems
are very much sensitive to temperature, and as such they limit the operation
of normal ferrite core memory to a narrow temperaturo range.

The tomperature problem in a ferrite core memory arisos due to the onergy
that is applied for switching the core. With increase in temporature the thermal
motion of magnetic domains increases and this disturbs the alignment achioved
hy the exchange forces. This causes the domains to doviate from their direction
of easy magnotization. The purpose of this paper has boen two-fold. First,
the effect of tomperature variation on the magnetic properties of ferrite cores was
investigated together with & theoretical background. Second, a brief study
of the overall porformance of tho memory unit using these cores was made so as
to get a more reliable operation of the momory system.

2. INHERRENT CHARACTERISTIOS

The stability of certain ferrite properties above the range of ambient tem-
perature is of primary importanco in computer memory operation. These pro-
purtios are coercive force, squareness ratio, switching coefficient, resistivity and
Curio temperature. Also the structure of the ferrite material is of importance.
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It is usually found that for forrites composed of single domain grains, the coeroive
force and switching speed is maximum.

Recent theories (Bloch et al 1964) of coorcive force are based on the investi-
gation of interaction of Bloch wall and the different types of lattice defects, each
of those lattico defocts determines the givon dependence of coercive force on
temperature (figure 1). The coercive forco is also influenced by the magnetic
crystallino anisotropy which again varies with the chemical composition. By
appropriate substitution of cobalt it is possible to reduce the value of coercive
force, but the squareness is usually affected adversely.
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Fig. la. Relative magnetization as function of temperature.
Fig. 1b. Coercive force as a function of temperature for two types of ferrites.

The squareness ratio (Dutta-Majumder 1963) Ry = By/Bm = Hg/Hp of a
ferrite material is usually obtained from B— H characteristics of a toroidal sample.
The first ratio is callod the remanence ratio and in a good squareloop ferrite
it is usually 0-9 or higher at its maximum. Tho second ratio which is of impor-
tance to Computer Engineers, is called the disturb ratio and it docreases drasti-
cally with increasing drive field. Usually for coincident current memory the
value of disturb ratio is taken slightly greater than 0-6 to allow for current drift,
temperature drift and for other offects.

The other property of ferrite materials which is of importance in the memory
operations is the resistivity of the materials. Tt is primarily determined by the
ion distribution in the materials. At room temperature most manganese zinc¢
ferrites have resistivities between about 0-01 and 10Qm: nickel zinc ferrites
normally have much higher valuos eg., < 10° Qm (10°* Q em). As ferrites are
semiconductors the resistivity falls with rising temperature.

The various ferrite charactoristics (table 1) discussed above are scen to
have great interdependence and it is not possible to optimise simultaneously all
the desired properties in any given materaial,
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Table 1
composition coercive squaroness  switching  rosistivity Curie temp.
force (Oe) ratio coefficient Q-cm °C
(1) 2 (3) (4) (&) (6)
Lithium ferrite 2.0 0.97 0.4 670
Mg-Mn ferrite 1.2 0.94 1.0 10° 280
Zn—Mn—Mg ferrite 0.76 0.96 0.5 2 x 307 262

3. VARIATION OF SWITCHING COEFFICIENT

The application of a magnetic field causes the domain walls to come to uni-
form motion. The switching coefficient Sy, is thon proportional to the distance
d between the domain walls, the friction is determined by the damping para-
meter £ and is inversely proportional to the saturation magnetization 3,. Hence
one can write.

Sw oo fdI Mg, e (1)

This switching coefficient actually consists of two independont effects, and

can be written as
Sw = Swa+Sm~ (2)
where Sy, is the contribution due to the eddy current effect and S,y due to

the spin relaxation. These quantities are related to the basic parametors of the
material by the relation (Menyuk & Goodenough 1955)

82 Msrpy?

Swe = proerrey Sl (3a)
and
K — ___.___...M‘_/,\_‘?____ - (!E }
I (YR M P2 A%)<cos 0>\ A4
~5at, Soonts (1) @)
where

M, = Saturation magnetization,
= Relaxation frequency,
vy = Magnetomechanical ratio,
K = Anisotropy constant,
A = Exchange oonstant,
rm = One half of the tape thickness.
p = Resistivity in ohm-om,
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cos i — Mean value of the cosine of the angle between applied fiold and
direction of easy magnetization.
d .~ Maxm. distance a domain wall moves during the fhix revorsal,

and 2 - is the numerical factor I x - 2 which is introduced to account

for surface nucleation oftect

Of the various parameters in cquation 3(a). the saturation magnetization
and electrical resistivity are the temperature dependent variables and in fact
the switching coefficient varies with temperature as Mgip. Since forrites are
semiconductor devicesd theiv tesistivity falls with rwing temperature.  For poly-
crystalline ferrites the bulk resistivity avises from a combination of the crystallite
resistivity and the resistivity of the ervallite houndaties.  The boundary
resistivity is much greater than that of the erystallinite so that the boundaries
have the greater influcnce on the de resistivity  For high frequency operation
the de resistivity should be high to avoid thoe eddy curvent losses. It is found
that over the temperature range—-70 to 100 (* the resistivity of manganese zine
ferrites falls by a ratio of between 30 to 100 and the corresponding  figures  for
nickel zinc fertites are 108-101. The resistivity p at an absolute temperature 7 is
given by

p = pg exp(E/kT), e @

whare p, is the resistivity extrapolated to 7 — », E is the activation enorgy.
k is the Boltzmann’s constant. 1 £ is to be expressed in eloetron—volt

k- 862 10-%yv "K .

The variation of relative magnetization as a function of temperature is shown
in figure I(a). As the tomperature rises from 0 K the magnetic alignment within
the domains is increasingly disturbed by the thermal agitation and as a result
the saturation flux density falls till the Curie point, where the magnetic align-
ment is completely destroyed and the material becomes paramagnotic. In
manganogo-zinc and nickel-zine forritos the larger the proportion of zinc tho
lower is the Curie point. Bloch (1961) using the spin theory made a prediction
that for ferromagnctic material magnotization should approach its maximum
value M, achieved at 7' = () in the fashion,

M = M(1—AT¥2), e (B)

whero A is a constant depending on tho lattice geometry. This prediction is
confirmed protty well by experiment helow the Curie temporature. Above
the Curio temperaturo it follows an improved method of approximation called the
“Bothe-Peierls Weiss” (Woiss 1948) method which is efsontially a scheme wherein
the interactions inside a cluster are treated rigorously, a.nd. those with atoms
outgide of it by means of a molecular ficld scheme,
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Again considering the oxpression for switching coefficient due to spin relaxa-
tion effect, the temperaturo dependent parameters are A, K and M,, and so far
as the temperature effect is concerned one can rewrito tho equation 3(b) as,

A(R)} \
Swr@ 'éu——;)* ) “ee (())

The variation of M, and A with increasing temperature iy sueh that it tonds
to increaso the value of S, But S, decreases with increasing temperature,
and it is duo to the fact that the value of anisotropy constant K decreasos sharply
with increasing tomperature. The effect of temperature on magaetic anisotropy
arises solely from the introduction of local deviations in the dirocsion of magneti-
zation. Zener (1954), however, has evolved a classical theory in which the strong
temperature dependence of magnetic anisotropy is followed. The anisotropy
onorgy should have ity origin in the coupling between spin and orbital motions,
which in turn are coupled to the crystallographic axes.  Data given by McKeenhan
(1937) shows that the anisotropy constunt of an iron-nickel alloy decreases by
a factor of 3:5 as it goes from 293°K to 473°K.  In general the anisotropy constant
is relatod to the magnetization by a third or fourth power law below 200°K and
by & ninth power law above it.

4. EXPERIMENTAL RESULTS

The equipments for the oxperimental part of the investigation consist of a
pulse gonerator with the assocviated drive circuits and a constant temperature
bath. The pulse generator was designed so that the duration and amplitude
of the pulses can bo adjusted. The duration of drive pulses was kept constant
at a value of approximately 2-0 gsee, while the amplitude was kept to 500 mA
and 600 mA for two sets of readings. The switching time and the core output
voltage were moasured at room temperature and at different incroased tompera-
tures upto about 100°C. The results were then plotted to obtain the charac-
toristic curves (figures 2 and 3). 1In fact all magnetic materials display a gradual
decrease in their magnetic properties with increasing tomperature, upto Curie
temporature. The Curie temperature usually varies from 300°C to 700°C for
most, of the square-loop ferrites. As temporature increases the core output voltago
increases linearly as shown in the cuives of figure 2. As would be expected the
ultimate deterioration in magnetic properties at high temperatures results indoed
in a reduction of output voltage. However, the curves exhibit region in which
the output voltage rises as temperature increases. This effect may bo attributed
lo several causes, among which tho predominant are : (i) that the change in
magnetio properties with temperature is by no means linear, and the permeability
first rises to a peak and then drops rapidly as temperature increases, (ii) that as
hystorsis loop shrinks and coercivity decroases, the value of H produced by a
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fixed driving current oxceods the ocoercive force by larger and larger amounts.
Tt is well acceptod that the timo required for flux roversal is inversoly proportional
to the differenco between the applied field and the coercivity. Thus, although
shrinkage of the B~H loop decreasos ¢. the amount of flux reversed, the pheno-
mena of overdrive sensitivity at least partially componsates the output voltage
by reducing tho switching time so that dg/dt, that is the output voltage generated,
may first rise and then fall as temperature increases.
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Fig. 2. Variation of output voltage with temperature.
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Fig. 3. Variation of 7' and ¢, with temperature.

The variation of switching time and peaking time with temperature is shown
in curves of figure 3. Both switching and peaking time of the magnetic core
decrease with increasing temperature, and obviously at higher temperature
the hystersia loop shrinks and hence the time taken to traverse from one satura-
tion point to the other is smaller.and amaller. As switching time decreases, the
switching coefficient also decreases in accordance with the theory discussed earlier.
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Fig. 5. Core output voltage at 30°C with a drive current of 500 mA.

Fig. 6. C(ore output voltage at 60°C with a drive current of 500 mA.

Fig. 7. Core output voltage at 76°C with a drive current of 600 mA.



A study on effect of temperature etc. 49

The variation of switching coefficient with temperature was given by Smit &
Wijn (1959) and is shown in figure 4.

58

Fig. 4. The quantities § and H, as & function of temperature.

Figures (5), (6) and (7) show how the offect of temperature acts on the core
output voltage and core switching timo at 30°C and 60°C with a drive current
of 500 mA. The core output voltage increased from 125 mV at 30°C to 140 mV
at 60°C while the switching time has reduced slightly. Figure (5) shows the
value of above parameters at a drive cwroent of 600 mA and at a tomperature
of 75°C.

6. DiscussioN

The magnetic cores normally used in fast access memories are usually nickel
forrites and lithium ferrites, having high Curie tomperatures approaching 600°C.
The faster switching causos heating effect in the core material, which then deterio-
rate the magnetic properties and thoreby increases the sclection line impodance
and the transmission delay. The operating environment of most of the digital
data handling devices is not temperature rogulated, that is in most cases there
is no provision for temporature compensation of the driving currents. This
might cause orroncous data transfer whon sensing the memory. In developing
the current tolerances for coincident current memory several assumptions are
made. Usually the ourrent tolerances are based upon the following four design
criteria, namely,

(a) Effeotive writing of ‘“‘One’s”
21 W Min > I M,
(b) Effective writing of ‘“Zero’s”
21y maz—21p myy < I7,
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(¢) The limitation of inhibit current to a valuo less than the switching
threshold current

Iz maz < I7.
and
(d) Similar limitation on the pair of “read’”’ cwrronts and pair of “‘write”
ourrents
Iy maz < Ir.

where [y is the minimum allowable current for full switching, Jr is the maximum
allowable current for full switching, and the ratio /y/I7 = K can be taken as a
core constant. Typical example for K = 1-5, the allowable tolerance for the
coincidont current memory is approximately 90 per coent.

These design equations also depend upon tho disturb ratio. Tho tempera-
ture coefficient for disturb ratio is defined as the percentago chango in drive
current required to maintain a constant disturb ratio which varies from 0-45 to
0-65, depending upon the material of the core and is a function of temperature.
Normally for ferrite cores the disturb ratio for a constant drive docreases with
increasing temporature. This effect can be thought of as if the minimum thres-
hold curront for switching decroases with incroasing temperature. If tho drive
currents are not reduced to compensate the value of /7, then the half selecting
current take the core to larger disturbing voltages, both from half selections
of “One’s” and from full selection of *‘Zoro’s”.

Data regarding the temperature sensitivity characteristics of ferrite core
materials usually include “One” and “‘Zero™ output voltages and the associated
switching and peaking times, all varying as functions of temperature. Tho
temperature coefficient for output voltage, dofined as the percentago change in
drive current required to maintain a constant U V4, i found to be 04, as calculated
from curves of figure 2. At room temperature the value of coorcive force falls
off at rates from 0-3%, to 309, per degruo contigrade depending upon the ferrite
material. In such casos a 10°-20°C rise is often sufficient to unpair the discri-
mination in & large store owing to consequent reduction in coercive force value
which increases the flux change in cores subjecoted to half drive pulses.

The timing of current drivers is dependent upon the core switching time.
Normally, each current of the pairs of “read” and “write” pulses must be at
least long enough to completely switch the core, ofton taken to be 1-5 times as
long as the nominal switching time. The switching time of the core decreases
with, increasing temperature, as a result the strobing time which discriminate
the signal and noise voltages changes. Hence for optimum S§/N ratio the sense
amplifier requires further adjustment.
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Hence for successful operation of magnetic core memories either the opera-
tion of memory at higher temperature is avoided or compensation (Ashley 1959)
by the addition of a temperature sensitive eloment to the current driving circuit
is provided and this element should be located in the same environment as the

storage core.
8. CONCLUSIONS

However the speed of switching in coincident current memory is limited by
the possibility of finding square-loop forrites with a large threshold field. Although
extensiveinvestigations are being carried out to improve the basic memory elements
and a series of square-loop ferrites as tabulated in table 2 are already in the market,
but none is the ‘“best” for all purposes. Efforts are continually being made to
develop storage elements of smaller size, improved switching time, bottor square-
ness ratio and of a low rate of change of coercive force with temperature.
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