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In this work a quantitative analysis of thermal compensation has been performed for a magnetic circuit
producing magnetic �eld in the air gap. The considered system consists of Sm3Co17 type permanent magnet
(as a source of magnetic �eld), nanocrystalline FINEMET alloy (as ultra-soft magnetic medium) and Fe-Ni low
Curie temperature compensative material (as a magnetic shunt). Distribution of magnetic �eld induction in the
circuit has been calculated numerically within standard one-dimensional approximation, considering nonlinearities
of compensative material as well as demagnetization susceptibility of permanent magnet. It has been theoretically
predicted, that an appropriate choice of the compensative element thickness improves signi�cantly thermal stability
of magnetic �eld in the air gap.
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1. Introduction

Over the past two decades a great progress has been
achieved in permanent magnets technology. Tradition
Alnico© and ferrite-type magnets have been replaced
by neodymium-containing and samarium-cobalt materi-
als of much higher coercivity and resulting (BH)max en-
ergy product. However these types of new magnets re-
veals relatively high values of reversal temperature coef-
�cients (RTC) of remanent magnetization (or residual
induction), which is not acceptable in metrology and
other sophisticated applications such as gyroscopes, sen-
sors, actuators and elementary particles colliders. Al-
though there are numerous experimental papers devoted
to the thermal compensation procedure of magnets in
such systems (e.g. [1�7]), much less theoretical attempts
for analysing this problem have been made till yet. A
thermal compensation of magnetic circuits by use of dedi-
cated materials is a basic �technical� way of the reduction
of e�ective RTC of magnet remanence. On the other
hand a physical analysis of remanence dependence on
temperature would require not only a consideration of
the evolution of spin-spin interactions but also a domain
structure changes, which have not been reported in lit-
erature in satisfactory degree. The main goal of present
work is to present relatively simple and universal model
of thermal compensation of permanent magnets, which
would be helpful in designing of magnetic circuits.

2. Theoretical model

The geometry of considered magnetic circuit is pre-
sented in Fig. 1. The system consists of the following
elements: permanent magnet (A), soft magnetic mate-
rial as magnetic �ux guide (B), a plate of low Curie tem-
perature material as a compensating magnetic shunt (C)
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and air gap (D). Such planar circuit could be a part of
e.g. electric energy meters, tachometer or calibration sys-
tems for hallotron sensors. The operational aim of this
work is to �nd an optimal thickness d and position x of
compensating plate in order to achieve the best thermal
stability of the magnetic induction B6 in the air gap of
given width g.

Fig. 1. Scheme of thermally compensated magnetic
circuit.

From Gauss law for the magnetic �ux one obtains fol-
lowings relations between magnetic induction values in
di�erent parts of magnetic circuit after consideration of
its symmetry:

B2p−B3b = B3b−B4b−B11d = B4b−B5q = 0,

B1 = B2, B5 = B6 = B7, B4 = B8,

B3 = B9, B2 = B10 (1)

Ampère laws for main contour of the magnetic circuit
and the contour containing the compensating shunt give
following two relations, respectively:
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where Hi are the values of magnetic �eld strength in the
individual regions of magnetic circuit.

Material relation in the inverse form, i.e. H(B) �
more convenient for further calculations � is assumed to
be nonlinear. In the case of (B) and (C) material it is
represented for the sake of simplicity as composition of
three linear functions:

H (B) =



B
µr

for B < µrµ0Hm

B − (µr − µm)µ0Hm

µm

for µrµ0Hm ≤ B ≤ (µr − µm)µ0Hm

+µmµ0Hs

B − (µr − µm)µ0Hm − (µm − µ∞)µ0Hs

µ∞
for B > (µr − µm)µ0Hm + µmµ0Hs

(3)

where µr, µm, µ∞ are relative magnetic permeabilities
in low �eld region (H ≤ Hm), medium �eld region
(Hm ≤ H ≤ Hs) and saturation region (H ≥ Hs), respec-
tively. For permanent magnet (A) the H1(B1) relation
is set via magnetic susceptibility χ describing demagne-
tization in�uence on remanent magnetization Mr:

M1 (B1) =
Mr + χB1

µ0

1 + χ
,H1 (B1) =

B1

µ0
−M1. (4)

Realistic values of material parameters have been incor-
porated into the model. VACOMAX 240 HR � a new
generation Sm3Co17-type permanent magnet has been
considered. Information about magnetic parameters of
this material is accessible on the website of the manu-
facturer (Vacuumschmelze [8]). For such magnet a re-
versible temperature coe�cient of high remanent �ux
density (1.12 T) is relatively low in the temperature range
close to room temperature (α = −3.0×10−4 1/ ◦C) when
compared with this of neodymium magnets, however for
advanced applications the magnet still demands ther-
mal compensation. As compensating material a THER-
MOFLUX 65/100-G Fe-Ni alloy with approx. 30% nickel
has been applied � well known for many years, but re-
cently manufactured very precisely in the form of thin
metal sheets by Vacuumschmelze [8]. This material is

characterized by low Curie temperature (Tc ≈ 65 ◦C)
and very high negative temperature coe�cient of rel-
ative magnetic permeability (≈ −0.03 1/ ◦C). As a
�transmitter� of magnetic �ux a magnetically ultra-soft
nanocrystalline FINEMET-type alloy has been consid-
ered. It was invented by Yoshizawa, Oguma and Ya-
mauchi [9] in late eighties and now commercially man-
ufactured by HITACHI Metals Ltd [10]. Structure and
magnetic phenomena in such material was carefully stud-
ied by Herzer [11, 12] from Vacuumschmelze [8] and
manufactured as VITROPERM. The role of interface re-
gion of grains in nanocrystalline FINEMET-like materi-
als was examined by Szumiata et al. [13] with Mössbauer
spectrometry and strain modulated ferromagnetic reso-
nance (SMFMR) method of magnetostriction measure-
ments. The most important features of FINEMET for
present purpose are: its very high saturation �ux density
(≈ 1.2 T) in low magnetic �eld, large initial magnetic
permeability (≈ 2.5 × 105) revealing low, positive value
of thermal coe�cient (≈ 7 × 10−4 1/ ◦C) in vicinity of
room temperature.
A system of equations (1) and (2) including nonlinear

material relation (3) and linear correction for permanent
magnet (4) has been solved numerically with residuum
minimizing method by applying both gradient and evo-
lutionary algorithms. It is relatively simply to implement
using software like PTC Mathcad or even MS Excel with
Solver component. The following dimensions of individ-
ual elements of magnetic circuit have been assumed in
calculations: h = 5 cm, a = 10 cm, b = p = 2 cm (a
value of thickness c is not important in the case of planar
symmetry). The most expected results are B6 values of
magnetic �ux density in air gap for several temperatures,
which enable to estimate a RTC value of B6. Within a
numerical procedure it has been calculated as a change of
B6 related to its value at room temperature and divided
by the change of the temperature.

3. Results

In Fig. 2a RTC values of B6 magnetic induction in air
gap are presented as a function of d thickness of compen-
sating magnetic shunt for several values of air gap width
g. Without compensation (d = 0) RTC values are close
to the value for permanent magnet itself. The form of
RTC(d) dependencies seems to be almost linear. When
d ≈ 0.3 mm all lines (for di�erent widths of air gap) in-
tersect in one point, where RTC takes noticeably smaller
negative value than initial ones. However, for each value
of g width there is an individual, optimal value of the
compensating shunt thickness dopt, which provides � at
least theoretically � a full thermal compensation, i.e. zero
value of RTC for magnetic �ux density in air gap. The
slope of RTC(d) lines allows to predict that by control-
ling the thickness d of compensating magnetic sheet with
precision better than 0.1 mm it is possible to reduce RTC
value more than 10 times in comparison to the α value
of permanent magnet, i.e. the thermal magnetic com-
pensation of B6 will be of the order of 10−5 1/ ◦C. As
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shown in Fig. 2b the side-e�ect of the application of com-
pensating magnetic shunt is a reduction of magnetic �ux
density in the air gap, however the relative loss δ is only
about 1%�3% for d = dopt.

Fig. 2. a) Reversal temperature coe�cient of magnetic
�eld induction B6 in air gap of compensated magnetic
circuit and b) relative loss of magnetic �eld after com-
pensation as a function of compensating plate thickness
for di�erent values of air gap width. Open circles cor-
respond to the optimal thickness of compensating mag-
netic shunt. All lines are guides for the eye.

Fig. 3. a) Optimal thickness of compensating magnetic
shunt and b) induction of magnetic �lm in air gap of
non-compensated magnetic circuit as a function of air
gap width (solid lines are guides for the eye).

Figure 3a illustrates the dependence of dopt on the air
gap width. The narrower air gap one adjusts, the more
di�cult compensation is � i.e. it demands thicker com-
pensating shunt, what results in greater relative loss of
magnetic induction (according to Fig. 2b). However, as
seen in Fig. 3b, the absolute values of magnetic �ux den-
sity in the case of narrow gaps is signi�cantly higher,
thus � in practice � the loss caused by compensation �
will not be so crucial. It has been tested numerically,
that all results described above are almost independent
on the position x of magnetic shunt.

4. Conclusions

Presented theoretical predictions indicate that tem-
perature compensation procedure with appropriate mag-
netic shunt can signi�cantly elevate a thermal stability
of magnetic �eld in the air gap. The improvement can
reach a factor of 10 (in comparison to thermal coe�cient
of permanent magnet remanence), when controlling pre-
cisely a thickness of the compensating metal sheet. Bet-
ter thermal stability of magnetic �ux density in the com-
pensated circuit has been achieved at the expense of the
loss of magnetic induction, but not greater than several
percent. The model presented above can be helpful in a
practical designing of thermally high-stable magnetic cir-
cuits. Its simplicity enables quick modi�cations and rela-
tively fast calculations. Application of the sophisticated
�nite element method (FEM) would be a way of consid-
ering the nuances of 3D spatial distribution of magnetic
�ux density in the circuit. Nevertheless, dedicated com-
puter programs for FEM simulations of magnetic systems
usually need some adaptation for the problem of thermal
magnetic compensation.
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