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What is permalloy, and why do we care?
• Permalloy originated in 1923 and is a ferromagnetic alloy of Nickel and Iron. 

Additional alloying elements have been added to improve magnetic 
performance, molybdenum, chromium or copper.

• Our particular interest lie in Permalloy’s use in low-noise fluxgate magnetometer 
sensors, for use in earth sciences, such as magnetotelluric surveys, magnetic 
observatories or in space physics.

• At this time there is no long-term viable source of the lowest noise permalloy 
materials.

• Our present examination of Copper Permalloys may be thought of as a 
continuation of a copper Permalloy study undertaken by Siemens & Halske, 
which terminated in 1937. These results include the first ever tests of copper 
alloys in fluxgate sensors.

• Our new permalloys, new in both configurations and materials, should offer 
much improved performance compared with the now unavailable legacy 
devices.
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Special Advisory
LAST–EVER CHANCE to buy ---
Magnetic Core S 1000C31-JC-2239-C …

(NAVSEA Ctrl No. 53771-6784-629-1)
For low-noise, premium-level magnetometers…
“…one last and final production run…”
“…last-ever supply, up to 19 April, ’96 end-date…”  - M. Schwartz, 7 Mar 1996.

A bit of history about our favored Infinetics S1000 series ring cores



Two events now have moved us forward:   1) Figuring out the physics of magnetometer noise (2010)



LL

Stremme, 1974
The simplest grain:
Actual stripe domains in a 7.5mm single crystal, viewed on a polished, carefully oriented cut 
face. Note the complex collection of closure domains at the grain perimeter. 
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Geometry matters! Noise increases with free surface area
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Total magnetic anisotropy
Saturation moment

Crystalline alignment
Foil thickness*

Domain wall volumetric energy density

*or crystal size, whichever is smaller



Two events now have moved us forward:   2) Discovering the potential of Cu-permalloys (2007)



History of copper permalloys

•These composition Figures 
show the 130 Copper alloys 
made for the 1935 Siemens and 
Halske study (circles and 
crosses), and the 50 Copper 
alloys made for our present 
study (left, larger dots).

•The right Figure shows the 
initial permeability contoured 
data from the original study.

•The red dots mark the end 
points of the range we have 
tested up to today, concentrated 
on the high permeability ridge.

!!
Locations of alloys investigated in the 

FeNiCu-diagram 

Original Figures from
Otto v Auwers and Hans Neumann, 1935

"Über Eisen-Nickel-Kupfer-Legierungen hoher Angfangspermeabilitat"
(On Iron-Nickel-Copper Alloys of high initial permeability), Springer

CuNi

Lines of constant initial permeability
- slow cooling



Materials results - compositions

• Nickel content is 
plotted vertically, 
increasing down in 
1% increments.

• Copper content is 
plotted 
horizontally, 
increasing to the 
right in 1% 
increments.

• Red circles/text 
mark compositions 
for more extensive 
testing.

• Small numbers are 
Iron contents, as 
are color codes.

Typical 30g ingot

These data are to be published in an upcoming submission to the EGU 
Geophysical Instrumentation Journal.



Materials results - resistivity

• We present here 
resistivities as a function 
of Copper and Nickel 
contents.

• Red filled specimens are 
lower resistivity, and 
blue specimens are high 
resistivity.

• Resistivities for our 
Copper alloys are similar 
to those for more 
traditional Permalloys, 
with values increasing 
with both Cu and Ni 
contents. Higher 
resistivity reduces eddy 
current losses.

These data are to be published in an upcoming submission to the EGU 
Geophysical Instrumentation Journal.



Materials results – saturation induction

• Maximum saturation 
moment is at 28%Cu.

• Minumum saturation 
moment is at 44-
45%Cu.

• Test conditions: +/-
1200 A/m 24Hz. Values 
are consistent with 
Auwers & Neumann 
(1935)

• Lower saturation 
moment reduces both 
power consumption 
and sensor noise.

These data are to be published in an upcoming submission to the EGU 
Geophysical Instrumentation Journal.



Materials results – Curie temperature (preliminary)

• We present here Curie 
temperature data for our four 
studied Copper alloys, and for 
6%Moly’ Permalloy.

• Interpreted Tc’s are:

• 6Mo81 360C
• 28-60Cu >360C
• 33-58Cu 310C
• 39-54Cu 250C
• 45-50Cu 100C
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• Five specimens:
• 28Cu60Ni
• 33Cu58Ni
• 39Cu54Ni
• 44Cu51Ni
• 45Cu50Ni

• 44Cu53Ni was 
paramagnetic.

Materials results – Curie temperature

These data are to be published in an upcoming submission to the EGU 
Geophysical Instrumentation Journal.



Materials results – initial permeability

• Test conditions:
• +/- 0.4 A/m,
• 250Hz

• Cells outlined in red 
are a selection of 
local high values for 
permeability, and 
local low values for 
coercivity (next slide). 
Both are indicators 
for better noise 
performance 
(Musmann, 2010).

These data are to be published in an upcoming submission to the EGU 
Geophysical Instrumentation Journal.



Material results – 0Hz coercivity

• Test conditions:
• +/- 50 A/m,
• 10Hz

• Cells outlined in red 
are a selection of 
local high values for 
permeability 
(previous slide), and 
local low values for 
coercivity.

These data are to be published in an upcoming submission to the EGU 
Geophysical Instrumentation Journal.



Material results – initial permeability

These data are to be published in an upcoming submission to the EGU 
Geophysical Instrumentation Journal.



Material results – 0Hz coercivity detail
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0Hz coercivity detail

• Alloy 42Cu50Ni 

• Alloy 42Cu51Ni 

• Magnetic parameters of 
43Cu52Ni are competitive 
with the best amorphous 
materials, e.g. 

• VAC 6025

• Advantage: thicker foils

• Alloy 42Cu52Ni 

• Alloy 44Cu52Ni 

• Alloy 43Cu52Ni 

• Alloy 45Cu50Ni 

All 200mT/div All 100mT/div

15 A/m/div



Fluxgate performance: Racetrack Test Cores

• Test cores manufactured in racetrack 
geometry

• Permalloy washers are heat-treated and then 
stacked with interleaved Kapton

• High repeatability and yield compared to 
standard 1” ring-core

David M. Miles and others, 
Geosci. Instrum. Method. Data Syst., 11, 111–126, 2022 
https://doi.org/10.5194/gi-11-111-2022 

6Mo-81 



Fluxgate performance  - Fluxgate Power/Noise

Experiment:

• Alloy sweep from 28 to 45% Cu

• 6-81 Mo used as a control

• All cores used 3 layers of permalloy

• QTY 3 cores for each alloy

Results:

• Noise in Power Spectral Density 
improves at all frequencies as %Cu 
increases

• Power consumption generally 
decreases as %Cu increases

• Cu permalloy outperforms 6-81 Mo in 
all metrics.



Fluxgate performance  - Fluxgate Power/Noise

Experiment:

• Detail study of 45%Cu50%Ni

• 6-81 Mo used as a control

• All cores used 6 layers of permalloy

Results:

• Noise in Power Spectral Density [PSD]  
at 1Hz is 5 pT/rtHz [most likely]

• Noise PSD at 0.1 Hz is 8 pT/rtHz [most 
likely]

• Typical performance is well within 
INTERMAGNET 1 second standard



Tesseract sensor design

• 3 axis symmetric sensor 
design incorporating six 
racetrack cores

• 50 x 50 x 50 mm cube

• Merritt style feedback coil, 
requiring about 30 mW
power

• Two racetrack cores per axis 
with an expected 3 dB further 
noise improvement with six 
cores

• Nov 20, 2022, two sensors 
flew successfully on ACES-II 
sounding rocket, reaching  
188 km altitude. Kenton Greene and others, 

Geosci. Instrum. Method. Data Syst., 11, 307–321, 2022 
https://doi.org/10.5194/gi-11-307-2022 



Summary

• Copper permalloy compares favorably to traditional 6-81 Mo in noise 
and power consumption for use in fluxgate magnetometers
• Potential for future optimization within the Molybdenum alloy range
• Current work enables cores that meet the recent INTERMAGNET 

requirement <10 pT/√Hz @ 0.1 Hz and further improvements are 
likely

This work is funded in part by:
• MAGnetometers for Innovation and Capability (MAGIC) Technical Demonstration 

80GSFC18C0008
• CHIMERA: A hybrid search coil and fluxgate magnetometer for small spacecraft missions 

18-HTIDS18_2-0010



History of permalloys:   Why were Cu permalloys forgotten?

GUSTAV ELMEN, 1930
4% molybdenum permalloy

USA [BELL LABS, NOL] EUROPE [SIEMENS & HALSKE]

RICHARD BOZORTH, 1947
5% molybdenum permalloy

DANIEL. I. GORDON, 1968
6% molybdenum permalloy

1969, FULL STOP

GEORG KEINATH, 1932
Cr & Mo molybdenum permalloy

OTTO v AUWERS & HANS NEUMANN, 1935
14% copper permalloy

1937, FULL STOP

VICTOR VACQUIER, 1941
Gulf magnetometer

FRIEDRICH PFEIFER, 1966
VACUUMSCHMELZE

4-6% molybdenum permalloy

•In the USA the first Permalloys 
were invented by G. Elmen. 
These included 4% Moly’ 
Permalloy.

•Parallel developments occurred 
in the UK and in Germany

•By 1937 all work on Copper 
alloys had stopped.

•By 1969 all work on Moly’ alloys 
for fluxgates had also stopped. 
6% Moly’ alloys became the 
preferred material.
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Future work – Moly permalloys

• Additional historical 
examinations have found that 
Moly’ permalloys lack a 
similar study of high Mo 
content alloys, a deficit which 
we intend to correct.

• The red oval indicates our 
expected region of interest.

• The red star locates the well 
known 6%Mo permalloy 
composition.

I.M. Puzey, 1962,  A New Range of Compositions in the High-
permeability Alloys on the System Fe-Ni-Mo.
Fiz. Metal. Metalloved., 14, No. 3, 347-377


