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Thermodynamics and phase 
transitions in magnetic materials 
 
Lecture 2 

Karl G. Sandeman 
ESM 2013 

Outline of Lecture 2 

•  More on the theory of tricritical transitions 
(see blackboard) 

•  An introduction to magnetic cooling  
(to be continued in Lecture 3) 

 

Critical exponents: experiment vs theory for d=3 

Table from Ben Simons’ lectures on Phase Transitions and Collective Phenomena, U. Cambridge. 

Here “t” is proportional to T-Tc 

More comparisons   

Ising X-Y Heisenberg 
d=1 No ordering! No ordering! 

 
No ordering! 
 

d=2 β=1/8; γ=7/4 
 

Special 
case! 

No ordering! 
 

d=3 β=0.32; γ=1 
 

β=0.35; γ=1 
 

β=0.36; γ=1.39 
 

Mean field β=1/2; γ=1 
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A phase diagram of the Ginzburg-Landau Hamiltonian 

This diagram is from Ben Simons’ lectures on Phase Transitions and Collective Phenomena, U. Cambridge. 

CoMnSi: imaging tricriticality using a Hall probe 

Morrison et al., Phys. Rev. B (2009) 

Low T: 
- 1st order 
- Globally 
“continuous” 
- Locally sharp, 
hysteretic 

High T: 
- 2nd order 
- Globally and 
locally 
continuous 
- No hysteresis 

CoMnSi0.92Ge0.08 

vidual crystallite varies as a function of field angle !Fig. 1
"upper inset#$, unlike the angle independence of the bulk !H
"flat dotted line#. These results highlight the role of magneto-
crystalline anisotropy on the key parameters Hc

!," and !H in
this system.

The isothermal entropy changes derived from calorimetric
measurements of an approximately 100 "m3 fragment and
from magnetometry of the bulk sample, for a field change of
0–8 T, are shown in Fig. 2. Note that the total entropy change
determined from the bulk and fragment data agree well. As
the temperature is increased, the entropy change due to the
latent heat contribution, !SLH decreases until it reaches zero
at 262 K, so that the magnetocaloric effect above 262 K
arises only from a second-order transition. The combined
calorimetric and bulk magnetometry data allow us to con-
struct the schematic Hc-T phase diagram shown in Fig. 2"b#
which we referred to previously. At temperatures below the
tricritical point, Tcrit, there is a first-order AFM to FM tran-
sition, indicated by a significant !SLH., accompanied by hys-
teresis. Phase coexistence occurs where there is a latent heat
associated with a nucleation energy barrier, inherent to first-
order phase transitions; the latent heat disappears at Tcrit
=262 K. Above Tcrit the second-order AFM-FM phase-
transition results in a small entropy change "#1 JK!1 kg!1#
until Tt"=375 K# is reached.

Hall-probe imaging of the magnetic field-driven phase
transition can provide additional insight because of the op-
portunity to investigate magnetic behavior at individual sites
"governed by pixel resolution, i.e., the size of the Hall probe
used#. We call the M-H loops constructed from individual
sites “local loops.” A selection of images of a 1 mm2 surface
area at 230 K and 296 K are given in Figs. 3"a# and 3"b#,
respectively. Figure 3 also shows the M-H loop of the bulk
sample and of an individual pixel, i.e., a local loop. The
difference in the transition behavior at the two chosen tem-
peratures is striking: At 230 K the phase transition is first
order and hysteretic. Note that although the M-H loop shows
a gradual transition in the bulk sample, on a spatially local
scale both Hwidth and !H are much smaller, similar to the
contrast between bulk and fragment samples in Fig. 1. The
switching of magnetic moment over well defined spatial re-
gions can be described by a nucleation process. The mag-
netic images demonstrate that there is a distribution of Hc

!,"

across the sample, and different sites nucleate the new mag-
netic phase at different fields. This is the manifestation of
phase coexistence across the transition in direct correspon-
dence with the large Hwidth observed in the bulk sample at
this temperature "Fig. 1#.

At 296 K the field-driven transition is second order. The
images taken in increasing and decreasing field are now
identical, reflecting that !H=0 both globally and locally.
Unlike the switching behavior at 230 K, the local M-H loops
at every pixel site on the sample are coincident with the bulk
M-H loop, indicating that the local behavior is everywhere
identical to the global magnetization. This is indeed the usual
manifestation of a second-order transition; the change from
one magnetic order to another is smooth, gradual, and spa-
tially uniform.

We now turn to examine the important relationship be-
tween hysteresis and entropy change. Figure 4 shows that

there is a linear relationship between the magnetic hysteresis,
!H, and the latent heat, !Q, of a single latent heat spike.
Due to the development of multiple spikes as the temperature

FIG. 3. "Color online# Hall-probe imaging of CoMnSi0.92Ge0.08
across the field-driven magnetic transition: "a# first-order transition
at 230 K, "b# second-order transition at 296 K. Left: The M-H loops
constructed from a single pixel "-!-# of a series of images are
shown at these temperatures alongside bulk measurements "$#.
Right: Equivalent up-field and down-field images are shown to
highlight reversibility of this sample. Each image is 1 mm across.
The color scale is set to black at 10% of saturation "AFM state#, and
white "yellow online# at 90% saturation "FM state#. Dark areas in
the magnetically saturated images indicate the presence of cracks in
the sample surface or the sample edge "top left corner#, which were
used as location markers.

FIG. 4. "Color online# Relationship between hysteresis and en-
tropy change. Main figure: Hysteresis associated with a single latent
heat spike "identified in upper inset by the arrows; !H=H!-H"#
plotted as a function of latent heat, !Q. Upper inset: Example of
how the transition “breaks up” into multiple latent heat spikes at
high temperatures. Note that !SLH is determined as the sum of these
spikes. Lower inset: Hysteresis, !H, of bulk ""# and fragment "##
plotted as a function of total entropy change calculated using the
Maxwell relation "see methods section for details#. The lines are
guides for the eye and the error scale has been indicated on one of
the points. In this case we have estimated !H using the average
over multiple latent heat spikes that appear as the temperature is
increased.

CAPTURING FIRST- AND SECOND-ORDER BEHAVIOR IN… PHYSICAL REVIEW B 79, 134408 "2009#

134408-3

Antiferromagnet to high-magnetisation state, induced by field 

Vapour compression refrigeration 

Gas compression refrigeration 
works in sub-critical regime 

Refrigerant Critical 
temp. 

Critical 
pressure 

CO2 31 ˚C 7.38 MPa 

R22 96.2 ˚C 4.99 MPa 

R134a 101 ˚C 4.06 MPa 

The efficiency of the refrigerant is 
directly related to the critical 
temperature. 
 
Tuning the critical point and the 
pressure-temperature phase line 
gradient are very important 

Solid-state cooling at room temperature 

Ferroic cooling, 
including magnetic 

cooling 
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Magnetic refrigeration: a growing area of interest 

 
 

dG = −SdT −MdHM + Kl
m (HM )d(Yl

m (ΩM ))
m=−l

m=l

∑
l
∑ +Vdp+...

Magnetic cooling: the future 

A careful system-wide cost and efficiency analysis revealed the benefit of 
magnetic cooling at low powers (< 500 Watt).  

A research frontier 

Magnetic cooling 

Rare earth 
metal use 

Magnetic phase 
transition physics 

Energy efficiency 

HFC-free cooling 

Apply magnetic field 
adiabatically 

Smagnetic  high 
Slattice  low 
 

Stotal=Smagnetic + Slattice + Selectronic 

So the material (usually) heats in an applied field (ΔTad >0) 
The effect is maximal at a (magnetic) phase transition 

Can also be described in terms of 
isothermal entropy change, ΔS: 

€ 

ΔStotal (H,T) =
∂M(T ',H ')

∂T '
$ 

% 
& 

' 

( 
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H '

dH '
0

H

∫

€ 

ΔStotal (H,T) = −ΔM dHc

dT

Maxwell relation for continuous M(T,H) 

Clausius-Clapeyron eqn. for 1st order 
transition in M 

The sign of (dM/dT) is crucial and yields two possibilities for the MCE 

ΔTad (H,T ) =
TΔS
Cp

Magnetocaloric principles 

Smagnetic  low 
Slattice  high 
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Magnetocaloric benchmark material at RT: Gd 
K-type thermocouple 

Gd 
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The cycle 

K. G. Sandeman, Mag. Tech. Int. 1 30-32 (2011)"

State of the art (2010) 

Lists 41 prototypes to 2010. 
Most used Gd as refrigerant at that time. 
No clear example of end-user integration at that time. 
The situation has already changed in the 3 years since… 

Magnetocaloric principles 

T Tc 

M 

T Tc 

M 

Tt 

Inverse Inverse 
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What makes a good magnetic refrigerant? 

Cheap 
d-metal magnetism 
 
First order transition 
because ∆Tad of second order 
transtion is too low (if d-metal 
alloy) 
 

ΔTad (H,T ) =
TΔS
Cp

Proximity to (tri)critical point 
Minimise energy loss from 
hysteresis 
 

MnFe(P,Z) 
La(Fe,Co,Mn,Si)13 

H 

T TC 

∂H
∂T

1st order 

2nd 
order 

of phase line is also 
important (see next) 

Single phase refrigerants 

A candidate magnetic refrigerant at room temperature: La(Fe,Si)13 

Fujita et al., 2003 La(Fe,Si)13 cubic crystal structure 

~11.6 Å 

Tuning transition temperature 
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Magnetic entropy change as a function of temperature of: La(Fe0.915CoxSi0.085)13 (left) and five LaFe11.74-yMnySi1.26H1.53 
alloys with different y (right) for a magnetic field change of 1.6 T. The entropy change is higher than that seen in 
gadolinium (Gd, left plot only). 

La-Fe-Co-Si La-Fe-Mn-Si-H 


