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ABSTRACT 

Using a transformer method, the effect of hydro

static pressure on the Curie temperature, T . was measured 
c 

for 4 members of a Ni-Zn ferrite series (30* 50, 80 and 100$ 

NiO) and for 2 members of a gadolinium-iron garnet series 

(Gd^AlFe^O^ and Gd^ tjAlQ ^Pe^ • The maximum pres

sure available was 8 kbars. The Curie temperature showed a 

linear increase with pressure and the slopes ranged from 

O.58 + 0.05 to 1.16 ± 0.07°C/kbar. The approximate Curie 

points varied from 153°C (Gd^AlFe^O^) to 6l6°C (100$ NiO 

ferrite). The samples with Tc less than 400°C were measured 

in a liquid pressure system and the others were measured in 

a gas pressure system. Using the assumption of a uniform 

decrease in interatomic distances and theoretical estimates 

of the change in the exchange integral, the data for the 

Ni-Zn series were used to estimate the order of change for 

the molecular field parameters a and P. 

vii 



I. INTRODUCTION 

It is well known that exchange interaction between 

electron spins is responsible for a variety of magnetic 

phenomena. In ferrimagnetic materials the spins are sup

plied by bound magnetic ions and the exchange interaction 

occurs through the media of an Intermediate, non-magnetic 

ion. The strength of the interaction is dependent upon the 

distances between the ions Involved. The Curie temperature 

is a convenient macroscopic measure of the interaction and 

thus the study of the dependence of the Curie temperature 

upon lattice spacing should yield the dependence of the 

exchange interaction upon interatomic distance. 

Hydrostatic pressure can be used to achieve this 

study, and the most extensive work in this area has been 

done by Patrick.^" However, most of Patrick's work and the 
p o 4 c g 

majority of subsequent work has been concerned with 

ferromagnetic materials and very little data are available 

for ferrimagnetic materials. Moreover, no consistent pic

ture i3 presented by the available data. Patrick measured 

the change in Curie temperature, ATq, for Mn^ nQ ^Fe^O^ as 

a function of pressure and found a linear relation with a 

slope of +O.89 t 0.04°C/kbar. Unfortunately, this result 

was based upon two points only. Werner-^ measured AT versus V/ 
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pressure for a Ni-Zn ferrite (composition: 15$ NiO, 35$ ZnO, 

50$ FegO^) and found a linear relation with a slope of 
/T 

+ 0.84 ± 0.06°C/kbar. Adams and Davis measured ATC versus 

pressure for a Ni-Zn ferrite of the same composition and 

found AT = + 0.08(p)0'32. 
v 

The purpose of the present work is to study the 

effect of pressure on the Curie points for two series of 

ferrites, a Ni-Zn series and a garnet series. The Ni-Zn 

series was chosen to permit direct comparison with the 

results of Werner and of Adams and Davis. In addition, 

7 this material can be analyzed in terms of two sublattices' 

and thus simplify some of the formal, theoretical complexi

ties in the interpretation of the data. A gadolinium-iron 

garnet (GdIG) series with yttrium and aluminium substitutions 

was chosen for its low Curie temperatures (<300°C) and for 

the possibility of investigating the pressure dependence of 

compensation points. 



II. EXPERIMENTAL PROCEDURE 

A. Pressure Systems 

Two pressure systems were used in this experiment, a 

liquid system and a gas system. The liquid system was a 
O 

typical Bridgman-type system which used Dow Corning 200 

silicone fluid (3 centistrokes). Increasing viscosity of 

the pressure fluid in the small-diameter pressure tubing 

limited the pressure to 8 kbars. This system was usable to 

400°C. The gas system was similar to that described by 

Goldsmith and Heard.^ The pressure fluid was argon with 

5$-20$ of helium added. Leaks were detected by using a mass-

spectrometer tuned for helium. The maximum pressure avail

able was limited to 7-5 kbars by the temperature-pressure 

sequence of the measurements and by the 12 hours required 

for each run. The samples having Curie temperatures above 

400°C were measured in the gas system. 

A different sample vessel was employed in each system. 

The sample vessel for the liquid system is shown in Figure 1. 

This vessel was made from 4340 steel and was hardened to 

Rockwell C-40. The available sample space was 0.75 inches 

in diameter and 2.5 inches long. The sample vessel for the 

gas system, shown in Figure 2, was made from Bethlehem 

"Omega" tool steel and was hardened to Rockwell C-52. This 
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vessel required an internal furnace and was externally water-

cooled via copper tubing wound around the outside of the 

vessel. The furnace space was 1 inch in diameter and 6.5 

inches long. For both vessels, the electrical leads for the 

sample and a thermocouple were connected to steel, chromel, 

and alumel cones seated in a pressure plug and insulated by 

pipestone or unfired lava A (American Lava Corporation). 

The pressure for both systems was measured by the 

resistance change of a manganin wire coil mounted in the 

pressure fluid. These manganin gauges were calibrated 

using the freezing pressure of mercury at 0°C (7640kg/cm2). 

B. Transformer Method 

A transformer method similar to that of Adams and 

Green"*-0 was adopted. Non-overlapping primary and secondary 

coils were wound around a toroidal speciman. The decrease 

in the magnetic flux near the Curie point was measured by 

monitoring the secondary output voltage with a constant 

input current applied to the primary. 

It should be emphasized that the Curie temperature 

determined by this method is not the paramagnetic Curie 

temperature, the temperature at which the material becomes 

paramagnetic. The measured flux decrease corresponds to the 

loss of long range order which occurs a few degrees below 



the Curie temperature. Since the major interest of this 

experiment is the change of T and not its absolute value, 
V 

this difference was ignored. 

The electronics for both pressure systems were the 

same and are shown schematically in Figure 3- A 1000 cps 

drive current was maintained constant by keeping a constant 

voltage across the resistance. The output was amplified by 

a feedback-stabilized amplifier with a 60 cps rejection 

filter and displayed on an oscilloscope. The readings were 

peak-to-peak values. 

C. Samples 

The samples were all polycrystalllne ferrites. The 

Ni-Zn series was supplied by Dr. C. M. Davis, Jr., of the 

Naval Ordnance Laboratory, White Oak, Maryland. These 

samples were prepared by the usual ceramic techniques with 

the final sinter being at l400°C for one hour. These samples 

were toroids with the following dimensions, outer diameter 

0.991 cm, inner diameter O.549 cm, and thickness 0.300 cm. 

The garnet series was supplied by Dr. E. A. Maguire of the 

Raytheon Company. These garnets were in the form of £ inch 

disks which were 0.15 inches thick. A 9/32 inch hole was 

ultrasonically drilled to obtain toroidal specimens. All 

the samples had a porosity in the 10 percent to 18 percent 

range. 



Two different types of windings were used with the 

samples. For the samples used in the liquid pressure system 

the windings were copper wire with a heavy foamvar coating. 

The number of turns varied from 20 to 100 and the primary 

and secondary coils did not necessarily have the same number 

of turns. For the samples used in the gas pressure system 

the windings were chromel wire. This wire was insulated by 

a spun glass tubing. The primary and secondary coils each 

had five turns. 

D. Temperature 

For both pressure systems the temperature was 

measured by a chrome1/alumel thermocouple mounted inside the 

sample vessel. In the liquid system the thermocouple junc

tion was placed within a l/l6th of an inch of the sample. 

The temperature was controlled by a large air furnace which 

enclosed the entire vessel. The temperature gradients were 

small for this arrangement. A temperature difference of 

approximately 10°C between the center of the sample vessel 

and its outside surface was sufficient to maintain the 

temperature drift used in the measurements. The same thermo

couple was used for all the samples. 

A combination heater-sample holder, shown in Figure 

4, was employed in the gas pressure system. Two lava rods 
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were placed within a lava furnace core and positioned a 

split copper cylinder at the center of the furnace winding. 

The copper was grooved to allow the sample and the thermo

couple to be placed at its center. The thermocouple was 

formed by spot-welding alumel and chromel to opposite sides 

of a thin platinum toriod which was held in contact with the 

surface of the sample by the primary and secondary windings. 

This assembly was placed within a lava cylinder which fastened 

to the electrical lead-in plug by means of a metal tubing 

fitting over the plug. All the lava parts were fired in a 

vacuum at 950°C for a minimum of 24 hours. A new thermo

couple was prepared for each sample. 

E. General Procedures • 

Preliminary measurements indicated that a controlled 

temperature-pressure cycling of the samples was necessary 

for consistent results. The following temperature-pressure 

cycle was adopted for these measurements, (l) Upon initial 

mounting, the sample was maintained at maximum pressure for 

a minimum period of six hours. (2) The pressure was reduced 

to a nominal value (maintenance of non-leaking pressure seals 

dictated a value above atmospheric pressure) and the tempera

ture was increased to approximately 25°C above the Curie 

temperature. These values of temperature and pressure are 
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hereafter referred to as the forming temperature and the 

forming pressure. The actual value of the forming pressure 

had no effect on the results and a fixed value was used for 

each sample. Typical values were approximately 1 kbar in 

the liquid system and approximately 2 kbars in the gas 

system. (3) The sample was annealed at the forming pressure 

and temperature for a minimum of 1.5 hours. Longer anneal 

times did not change the results. (4) The sample was cooled 

to a temperature below the Curie temperature while the form

ing pressure was maintained constant. (5) The Curie tempera

ture was measured by applying the desired pressure, activat

ing the electronics for the sample input and output, and 

causing the temperature to increase slowly. Typical heating 

rates for the liquid and gas systems were 0.2°C per minute 

and 0.7°C per minute, respectively. (6) The sample drive 

current was removed and the temperature and pressure were 

returned to the forming values. 

The data for each sample were obtained by following 

the above steps and repeating steps (2) through (6) for 

various isobars. 



Ill. RESULTS 

Measurements of the change in the Curie temperature 

as a function of pressure were successfully completed for 

all members of the Ni-Zn series (30* 50, 80, and 100# NiO) 

and for two members of the garnet series (Gd^AlFe^O^g and 

Gdl.5Y1•5A10.5Fe4.5°12 ̂* The results show a linear relation 

between AT and the applied pressure and are summarized in c 

Table 1 and in Figures 5 and 6. A typical family of curves 

for a given sample is contained in Figure 7 with Table 2 

containing the experimental values deduced from these curves. 

No change in Curie temperature was measured for 

Qd^AlQ The voltage output was characterized by 

a gradual decay covering more than 100°C. The lack of a 

sharp transition resulted in any change being masked by the 

uncertainties in the measurements. The gradual decay was in 

general agreement with the magnetization curve of material 

as measured by Maguire and Green.^ 

The general features of the output voltage as a 

function of temperature are given in Figure 8. The region 

between A and C was called the transition region and normali

zation was done relative to the peak value at B. The shape 

of the transition region was found to be dependent on the 

drive current amplitude. When the drive exceeded 5% of the 

9 



10 

coercive force, HQ, the normalized slopes of the output 

decay varied irregularly as a function of pressure and no 

consistent results for the change in the Curie point were 

obtained. For drives less than 5$ of H , the shape of the v 

curve was independent of the drive and the normalized slopes 

for a given sample remained relatively constant (within ±15$) 

for all applied pressures. In general, the output voltage 

12 was inversely proportional to the pressure as expected. 

The normalized output curves for all samples did not 

fit a universal curve. In an effort to characterize these 

curves in more detail a parameter T^, the decay interval, 

was introduced. The decay interval was taken as the tempera

ture interval in which the output decayed from 90$ to 10$ of 

its peak value. For the Ni-Zn series the values of T^ in the 

order of increasing nickel content were 6.5°C, 2.5°C, 10.0°C, 

and 3-0°C. Tp was 5-0°C for Ck^ ^Y1 ^AIq 5°12 and 6.0°C 

for Gd^AlFe^O^. 

A number of effects led to the temperature-pressure 

cycle adopted for these measurements. The transition region 

displayed a temperature hysteresis. Differences of 0.2 to 

0.8°C were found between the output decay measured with 

increasing temperature and the output decay measured with 

decreasing temperature. Moreover, when the output decay for 

a series of pressures was measured using decreasing 
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temperature, a linear relation between AT and pressure 
v 

resulted but no single transition could be consistently 

reproduced. 

Several samples also displayed a pressure hysteresis; 

namely, the T_ for a sample at a given pressure increased 
v 

after the sample had been subjected to a higher pressure. 

This Increase in T was larger for greater differences in 
V 

the two pressures with the largest effect being for the 50# 

NiO 50^-ZnO sample where T shifted 3°C for a pressure 

difference of 7 kbars. This hysteresis effect was eliminated 

when the sample was subjected to maximum pressure for a 

period of time. The use of the sample in subsequent measure

ments at various temperatures and pressures for a period of 

time exceeding that used to eliminate the hysteresis gave no 

indication of a recurrence of the effect. 

We can offer no explanation for the effect at this 

time. Initially a change in porosity was postulated to be 

the cause. An attempt was made to verify this postulate by 

measuring the coercive forces of a number of samples before 

and after they had been subjected to maximum pressure. No 

change was measured. 

With the above stated temperature-pressure cycle the 

individual transitions could be reproduced to within 0.1°C 

in the liquid system and to within 0.2°C in the gas system. 
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The gas system only gave this reproducibility above 2 kbars. 

Below 2 kbars large apparent changes in T. occurred. 

Patrick1 reported the same type of difficulty and offered 

the following explanation. The thermocouple circuit is 

actually formed from three series elements (internal sections, 

cones, leads from cones) whose thermoelectric powers are not 

perfectly matched. This mismatch results in temperature 

gradients contributing a small portion of the thermocouple 

emf. The heat conductivity of the lava is pressure depen

dent and the power required for a given temperature varies 

substantially at lower pressures. This power variation 

causes a readjustment of the gradients which appears as a 

temperature change. At higher pressures the power variation 

is slight and the contribution of gradient readjustment is 

negligible. Patrick's measurement of nickel in both a gas ' 

and a liquid system supported this explanation. 

One additional problem associated with the gas system 

measurements was encountered in the present work. The ther

mocouple junction required care to prevent a change in cali

bration during actual measurement. Without the platinum 

inserted between the chromel and alumel, the chromel became 

magnetic near the hot junction. This change increased with 

time. The result of this change upon the measurement of AT_ 
v 

for a series of measurements using two given pressures was 
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that AT went from a positive value to a negative value of 
0 

similar amplitude. This problem may account for some of the 

scatter reported by Patrick.1 



IV. DISCUSSION OP RESULTS 

A. Data Analysis 

The Curie points were determined by extrapolating 

the output decay to the temperature axis. This extrapola

tion was achieved by fitting the 70$ to 30$ portion of the 

normalized curves with least-squares straight lines. The 

same least-squares procedure was used to determine AT as a 
V 

function of pressure. In this latter case the uncertainty 

in the measurement of ATC was always less than its standard 

deviation and the limits given are statistical in origin. 

These results include no correction for the effect of pres

sure upon the emf of the thermocouples. 

B. Ni-Zn Series 

In order to explain the variation in saturation 

magnetization as a function of zinc content Yafet and 

Kittel' have shown that four sublattices are required. They 

have further shown that the four sublattices originate when 

the A sublattlce (tetrahedral sites) and the B sublattice 

(octahedral sites) each symmetrically divide into two sub-

lattices . For Curie point considerations the resultant A 

and B sublattices can be used. In the simpliest case, 

namely two sublattices with all sites having the same spin, 

14 



15 

1*3 
the Curie point has been shown to be J 

Tc = 4C + M.P + {(Aa - n(3)2 + 4XnPJ (l) 

and o = JAfl/J AA AB ' 
P = J^/J 

BB AB 

where C = Curie constant for N atoms, = exchange integral 

between sublattices A and B, JA^ = exchange integral in sub-

lattice A, Jgg = exchange integral in sublattice B, A = 

fraction of magnetic ions on A sites, and |x = fraction of 

magnetic ions on B sites. The standard procedure of using 

adjusted A and n parameters to account for different spins 

was used in applying this equation. With pressure causing 

the variation, Equation (l) yields the first order equation 

( 2 )  

with 

F = [Xa + nP + ((Aa - p.0)2 + 47^}^] . (3) 

The Curie constant is directly proportional to the 

saturation magnetization, M . and the g-factor. Kaminow D 
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14 and Jones have investigated the effect of pressure on 

these two parameters for a number of ferrites. They reported 

that the functional dependence of Mg upon the volume was the 

dominant factor in change of M„ due to pressure. Using com-D 

pressibility data they estimated the relative change in M„ 

for NiFe20^ to be about 0.7# for 10 kbars. Their measure

ments indicated the corresponding change in the g-factor to 

be less than 0.1#. The above values were used to estimate 

AC/C. 

The number of pressure dependent parameters in Equa

tion (2) required some additional assumptions. Following 

14 Kaminow and Jones, it was assumed that the applied pressure 

caused a uniform decrease in all Interatomic distances. With 

this assumption and the small amplitudes of the pressure 

effects it seemed most consistent to treat X and n as con

stants . These assumptions permitted calculations of AF/F 

for a number of variations in a and P. The calculations 

were made by determining X and ijl from the equations given by 
/ 1 R 

Neel and Brochet 

X + n = 1 (4) 

X _ x 
H. (2-x) + 0.4x (5) 
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where x = the nickel content, and by varying a and 0 about 

their basic values.1^ The results of the calculations for a 

10 kbar pressure are summarized in Table III. 

Estimates of AJAg/JAB were highly speculative and 

only the order of magnitude could be expected. One proce

dure was to estimate the effect of pressure upon the energy 

difference between a parallel spin order and an anti-parallel 

spin order. This energy, AE, is directly proportional to 

17 the exchange integral. Yamashita and Kondo ' have considered 

the superexchange for MnO using a 4-electron model and have 

arrived at the relation 

AE oc (6) 

where a = the nearest neighbor distance. Using the com

pressibility of MnO and Equation (6), the change in the 

exchange integral for 10 kbars was estimated to be approxi

mately 1.4$. 

was also estimated from the single electron 

1 R 
approach of Anderson which gives the result 

J a bg/U = gt<l°^)PSl]g (7) 

where b = transfer integral, U = the coulomb repulsion 
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between electrons, and Dq = crystal field parameter. Using 

the data of Minomura and Drickamer^ for the effect of pres

sure on Dq for MnO and Equation (7)> the relative change in 

J for 10 kbars was estimated to be between 1.0 and 2.2$. 

Taking the relative change in J to be 1.5# together 

with the results of Table III it appears that an attempt to 

measure the full magnetization curve would be of interest 

for the samples with large nickel content. A rapidly con-

20 
verging curve-fitting technique developed by Rado and Folen 

has sufficient sensitivity to justify this attempt to detect 

changes in a and p. 

C. Garnets 

The complexity of the garnet structure and the lack 

of an analytical T„ expression for these materials prevented 
V 

any effective attempt to use the Curie temperature data in a 

manner paralleling the one used with Ni-Zn ferrites. It was 

noted that the atmospheric pressure value of Tc for 

Qdi ^AIq 5^12 was exce:!Llerrb agreement with the 

21 magnetization curve determined by Harrison and Hodges. 
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TABLE I 

Change of Curie Temperature with 

Sample Approx. Curie Temp. 
°C 

30# NiO; 70# ZnO 208 

50# NiO; 50# ZnO 277 

80# NiO; 20# ZnO 488 

100£ NiO 616 

Gd3Fe4A1012 153 

Y1.5ad1.5Pe4.5A10.5°12 220 

Pressure 

AT 
(°C/kbar) 

O.83 + 0.05 

0.99 ± 0.04 

0.73 t  0.06 

1.16 ± 0.07 

O.58 + 0.05 

1.00 ± 0.05 
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TABLE II 

Data for a Typical Sample 

T = T + av 
c 

50# NIO; 50# ZnO .. r" 

Pressure (kb) Tc (°C) ATC (°C) a (°C) 

0 277-55 0 0.072 

1.20 278.40 0.85 0.066 

1.20 278.42 0.87 0.071 

3.06 280.50 2.95 0.071 

4.89 282.20 4.65 0.070 

6.75 284.10 6.55 0.082 

AT = PP 
o 

0 = 0.99 ± 0.04°C/kbar 

= 0.04°C/kbar 
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TABLE III 

Estimates of the Relative Changes for 10 kbars 

Sample 
AT 
-m— exp. 
c 

AM 
y[- est. 

Aa 
a 

AP 
~W 

AF 
7" 

30$N10 
70$Zn0 +1. 8$ +0.7$ +5^=-5# 0$ -7-2$5+6.7$ 

0$ +1056;-1056 -7.6$5+8.156 

-5$ +IO56 -1.4$ 

+5$ -10$ +1.9$ 

50$N10 
50$Zn0 +1.856 +0.756 +5/6; -5# 0$ -2.0565+1.856 

0$ +10#;-IO56 - 2 .5$;+2.5$ 

-556 +1056 -0.8$ 

+5$ -IO56 +0.8$ 

80$N10 
20$Zn0 +1.056 +0.7$ +10$;-10$ 0# -2.2565+2.3$ 

056 +1056;-1056 -1.8$;+1.5$ 

-10$ +IO56 +0. 6$ 

+1056 -10$ -0.7$ 

100$N10 +1.30 +0.7$ +10$5-10$ 0$ -1.0$;+1.3$ 

O56 +1056;-1056 -1.1$;+1.0$ 

-IO56 +IO56 +0.1$ 

+10$ -10$ 0.0$ 
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Figure 1. Cross-3ectional view of the sample vessel for the 

liquid pressure system. 



A.PACKING : l.STEEL 2.COPPER 3.STEEL 

B.CLOSURE SCREWS C.PRESSURE PLUG 

D.APPARATUS PLUG 



Figure 2. Cro3s-sectional view of the ssimple vessel for the 

gas pressure system. 
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Figure 3. Schematic diagram of the electronic system. 
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Figure 4. Parts of the heater-sample holder used in the gas 

pressure system. 
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Figure 5« Plots of Curie point changes for the Ni-Zn series. 
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Figure 6. Plots of Curie point changes for the garnets. 
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Figure 7. Plot of normalized outputs for the 50$ Ni0-50$ ZnO 

specimen. 
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Figure 8. General form of the secondary output voltage as a 

function of temperature. 
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