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Phase diagrams: 

maps to guide correlated-materials research

Keimer et al., Nature 518, 179 (2018)

Find materials

Find phase transitions

Identify phases

Böhmer et al., Nat. Commun. 6, 7911 (2015)

Khanenko et al, Phys. Rev. B 112, L060501 (2025)
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What is a phase?

Extensive variables: 

• specific volume

• entropy

• particle density

Intensive variables: 

• pressure

• temperature

• chemical potential

Phase boundaries
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“Tuning” parameters: drive a material through a 

phase transition

Temperature

Physical pressure (hydrostatic)

Chemical substitution

Magnetic field

Anisotropic pressure/strain

Electrical current, electric field, 

electrical gating, twist angle, defects…  
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Why do phase transitions happen?

Interactions enable an ordered state

- Atomic bonding

- Electronic interactions

- Magnetic interactions

- ….

=> Lowest-energy state

However: 

𝐹 = 𝑈 − 𝑇𝑆
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Outline and disclaimers

• General principles

• Identify the presence of a phase transition in experimental data

• Determine the nature of a phase 

• Examples from the phase diagrams of iron-based superconductors

No topological phase transitions; Landau order-parameter concept

No transitions where the number of phases changes

Personal point-of-view
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Ehrenfest classification

𝑆 = −
𝑑𝐹

𝑑𝑇

𝐶

𝑇
=
𝑑𝑆

𝑑𝑇

A phase transition is a discontinuity

Continuous (second order) phase transitions

• discontinuity in the second of the free energy

• have to break one symmetry element

Discontinuous (first-order) phase transitions

• discontinuity in the second of the free energy

• may change the symmetry not al all or break 

multiple symmetry elements

Identify a phase transition experimentally

• An abrupt change of (at least one) physical 

property

• Typical: electrical resistance, magnetic 

susceptbility, heat capacity, …



Listenebene

erhöhen

Listenebene

verringern

Listen erstellen

Wechseln Sie die Textebene

im Menü über: 

Start > Absatz > 

Listenebene 

erhöhen/verringern

Folie in Ursprungsform 

bringen über Menü:

Start > Folien > 

Zurücksetzen

Hilfslinien anzeigen über Menü: Ansicht > Anzeigen > Haken bei Führungslinien setzen

Fußzeile anpassen: Einfügen > Text > Kopf- und Fußzeile

Wechsel des Folienlayouts 

im Menü über:

Start > Folien > Layout

0

50

100

150

0 25 50 75 100
0

1

2

3

4

0 20 40 60 0 20 40 60 0 20 40 60

 

 

 

 

 

 

 

 

C
e
/ 

T
 (

m
J
 m

o
l-1

 K
-2

)

 

 

S
e
 (

J
 m

o
l-1

 K
-1

)

T (K)

 

 

 

T (K)

 

 

0 20 40 60

 

T (K)

 

  

 

T (K)

 

T (K)

 

 

Ba1-xKxFe2As2

x=0.232 x=0.247 x=0.262 x=0.276 x=0.302

Exercise: What order are the phase transitions?

?
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The phase diagram

Böhmer et al., Nat. Commun. 6, 7911 (2015)
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Note on hystereses at first-order transitions

Latent heat 𝑻𝚫𝐒 should lead a hysteresis. However,

• Possibly very small

• Instrumentation can mask a hysteresis

MnSn2

Pakhira, PRB 112,104443 (2025)

Gati et al., PRL 2019



Listenebene

erhöhen

Listenebene

verringern

Listen erstellen

Wechseln Sie die Textebene

im Menü über: 

Start > Absatz > 

Listenebene 

erhöhen/verringern

Folie in Ursprungsform 

bringen über Menü:

Start > Folien > 

Zurücksetzen

Hilfslinien anzeigen über Menü: Ansicht > Anzeigen > Haken bei Führungslinien setzen

Fußzeile anpassen: Einfügen > Text > Kopf- und Fußzeile

Wechsel des Folienlayouts 

im Menü über:

Start > Folien > Layout

Exercise II: 

Where is the phase 

transition and what 

is it? 
<



Listenebene

erhöhen

Listenebene

verringern

Listen erstellen

Wechseln Sie die Textebene

im Menü über: 

Start > Absatz > 

Listenebene 

erhöhen/verringern

Folie in Ursprungsform 

bringen über Menü:

Start > Folien > 

Zurücksetzen

Hilfslinien anzeigen über Menü: Ansicht > Anzeigen > Haken bei Führungslinien setzen

Fußzeile anpassen: Einfügen > Text > Kopf- und Fußzeile

Wechsel des Folienlayouts 

im Menü über:

Start > Folien > Layout

Relation between transport and thermodynamics

Hristov et al., PRB 99, 100101 (2019)

Fisher-Langer relation: 

• entropy S ~ resistance R         

or C = 1/TdS/dT ~ dR/dT

(does not have to be true, but 

often works)

Heat capacity
Resistance

Elastoresistance

Elastocaloric effect

M. E. Fisher and J. S. Langer, 

Phys. Rev. Lett. 20, 665 (1968)
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Frequently valid relation: 𝐶𝑝 ∝ 𝛼 ∝
𝑑 𝜒𝑇

𝑑𝑇
∝

𝑑𝜌

𝑑𝑇

 

J.-H. Chu et al., Phys. Rev. B 79, 014506 (2009)

Anna Böhmer, PhD Thesis, KIT, 2014
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The importance of sample quality
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The importance of “sharpness”

Hassinger group

Gati et al, Sci Adv. 2, e1601646 (2016)

Pressure

Sample-quality related broadening

intrinsic evolution from phase 

transition to „crossover“

Not every change is 

a phase transition!

critical endpoint
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The importance of criteria

Hosoi et al., PNAS 113 (29) 8139-8143

• In practice: no transition is infinitely 

sharp -> a single value (e.g., 

temperature) is not enough to fully 

characterize the behavior

• The broader the transition, the more 

important (and the more ambiguous) 

the criterion for transition temperature

• Always check/specify the criterion!

Entropy-conserving 

construction
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The importance of using thermodynamic rules

“It is not possible to have a multicritical point at some field Hc, 

such that two second order phase boundaries come out of it 

for H < Hc and one phase boundary (first or second order) 

comes out for H > Hc (holds true if the inequalities are 

swapped) [Yip 1991].”

Therefore:

• the point b is a bicritical one and the SC1-SC2 transition 

must be of the first order

• At point t, the boundary of Phase I has to continue inside 

the SC2 state (tetracritical point)

Semeniuk et al., Phys. Rev. B 107, L220504 (2023)

S.K. Yip, T. Li, and P. Kumar, Phys. Rev. B 43 (1991)
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The importance of choosing sweeps

Semeniuk et al., Phys. Rev. B 107, L220504 (2023)

Khanenko et al, Phys. Rev. B 112, L060501 (2025)
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Example: building the p-T phase diagram of FeSe

Böhmer and Kreisel, J. Phys.: Condens. Matter 30 023001 (2018)

2009 2012
2014

2015 2016 2016
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Identify an ordered phase
The usual suspects (in correlated electron materials)

• Structural transition

• Magnetic transition

• Superconducting transition

• …

• Phase transition or crossover?

• Long-range order or finite correlation length?

• Periodic modulation with wave vector Q? 

The solid-state physicist‘s arsenal:

• Macroscopic probes 

(thermodynamics and transport) 

• Microscopy

• Diffraction

• Spectroscopy
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Identify a structural transition

Increase in unit-cell size: 

„superstructure peaks“

Symmetry-change of unit cell: 

„peak splitting“
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Identify a ferromagnet/antiferromagnet

See: Mugiraneza and Hallas, Tutorial: a beginner’s guide to interpreting magnetic 

susceptibility data with the Curie-Weiss law, Communications physics 5, 95 (2022)

(Magnetization measurements: work for local-moment magnets)
AntiferromagnetFerromagnetParamagnet

M/Ms

T-TC

Other magnetic probes: 

• local magnetic probes (µSR, NMR, Mössbauer)

• magnetic diffraction (e.g., neutrons)

• magneto-optics (e.g., Kerr effect)

• …
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Identify a (bulk) superconducting transition

• Zero-field cooled (typically)

• 𝐻 low enough

• Demagnetization factor = 0

• Shielding fraction only! 

• Current density low enough

• Filamentary 

superconductivity possible  

Δ𝐶𝑝
𝛾𝑇𝑐

∼ 1.43

• Signature of bulk 

superconductivity

• Could still be only a phase 

fraction (compare to BCS curve)

Criterion for Tc can be very important! There are (many) common criteria in use. 
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Discovery of the iron-based superconductors

Kamihara et al., J. AM. CHEM. SOC. 2008, 130, 3296-3297
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Discovery of the iron-based superconductors

Kamihara et al., J. AM. CHEM. SOC. 2008, 130, 3296-3297
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Heat capacity, Resistance in magnetic fields, optical reflectiance, DFT
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175 K

10 K

De la Cruz et al., Nature 453, 899 (2008) 

Nuclear scattering Magnetic scattering
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Structural parameters Magnetic order parameter 
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BaFe2As2: candidate for an iron-based superconductor

Rotter et al., B 78, 020503R 2008

Heat capacity Resistance

Susceptibility

X-ray diffraction Mössbauer 

spectroscopy
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Determination of the phase diagram of Ba(Fe1-xCox)2As2

J.-H. Chu et al., Phys. Rev. B 79, 014506 (2009)

Ni Ni et al., Phys. Rev. B 78, 214515 (2008)
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The nematic phase in iron-based superconductors

Ts

TAFM

Anna E. Böhmer, Jiun-Haw Chu, Samuel Lederer and Ming Yi, Nematicity and nematic 

fluctuations in iron-based superconductors, Nature Physics 18, 1412 (2022). 

nematic

Fe
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Ba(Fe,Co)2As2
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Tetragonal-to-orthorhombic 

structural transition
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Two-component 

magnetic order

R. M. Fernandes, S. A. Kivelson, and E. Berg, PRB 93, 014511 (2016)
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Discovery of new structural features in thermal 

expansion
Ba,KFe2As2

a-axis

b-axis
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New tetragonal magnetic phase in Ba1-xKxFe2As2
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A. E. Böhmer et al., Nature Communications 6, 7911 (2015)

However: 

Symmetry should not increase on lowering the temperature
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What is the surprisingly tetragonal magnetic phase?

C2

C4

(Ba,Na)Fe2As2

Avci et al., Nat. Comm. 5, 3845 (2014)

Allred et al., Nat. Phys. 12, 493 (2016)

Discovery of a “new phase”: Hassinger et al., PRB 86, 1405052 (2012)

T
(K

)

(Ba,Na)Fe2As2, x=24%

Mössbauer result

diffraction Mössbauer spectroscopy
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Two-component 

magnetic order

R. M. Fernandes, S. A. Kivelson, and E. Berg, PRB 93, 014511 (2016)
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Chemical tuning of CaKFe4As4: phase transitions?

W. Meier et al., npj Quantum Materials 3, 5 (2018)
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W. Meier et al., npj Quantum Materials 3, 5 (2018)

Chemical tuning of CaKFe4As4: phase transitions?

CaK(Fe1-xNix)4As4
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Experimental evidence

Heat capacity

Slides: courtesy of William Meier

2nd order phase transition
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Experimental evidence

X-ray Diffraction
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HHL

HK0

Slides: courtesy of William Meier

2nd order phase transition
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Experimental evidence

X-ray Diffraction
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HHL

HK0

Slides: courtesy of William Meier

2nd order phase transition

No chemical superlattice

No distortion from tetragonal
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Experimental evidence
57Fe Mössbauer Spectroscopy  
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Slides: courtesy of William Meier

2nd order phase transition

No chemical superlattice

No distortion from tetragonal
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Experimental evidence
57Fe Mössbauer Spectroscopy  

Slides: courtesy of William Meier

2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment
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Experimental evidence
75As Nuclear Magnetic Resonance 
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Slides: courtesy of William Meier

2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment
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Experimental evidence
75As Nuclear Magnetic Resonance 
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Slides: courtesy of William Meier

2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment

Half of As nuclei (As2) sees Hhf = 0
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Experimental evidence
75As Nuclear Magnetic Resonance 
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Slides: courtesy of William Meier

2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment

Half of As nuclei (As2) sees Hhf = 0
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Experimental evidence
75As Nuclear Magnetic Resonance 

2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment

Half of As nuclei (As2) sees Hhf = 0

Other half of As nuclei (As1) sees Hhf||c

52

Slides: courtesy of William Meier
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Summary of experimental evidence

Wang et al., PRB 93, 014514 (2016)

W. Meier et al., npj Quantum Materials 3, 5 (2018)

2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment

Half of As nuclei (As2) sees Hhf = 0

Other half of As nuclei (As1) sees Hhf||c
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Formal symmetry Analysis 
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Only break 1 symmetry of space group

Each chosen symmetry imposes a 
chemical and magnetic structure

We used ISODISTORT to look through these structures.
http://stokes.byu.edu/iso/isodistort.php

2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment

Half of As nuclei sees Hhf = 0

Other half of As nuclei sees Hhf||c

W. Meier et al., npj Quantum Materials 3, 5 (2018)
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2nd order phase transition

No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

All Fe carry same in-plane moment

Half of As nuclei sees Hhf = 0

Other half of As nuclei sees Hhf||c

W. Meier et al., npj Quantum Materials 3, 5 (2018)
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Neutron diffraction results
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When it seems to be impossible to identify a phase

Famous example
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When it seems to be impossible to identify a phase: 

URu2Si2

Palstra et al. PRL 55, 2727 (1985)

AFM order?

Resistance Heat capacity
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Size of ordered magnetic moment vs. entropy
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Neutron diffraction
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  S = −   d F  d T
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  𝑻 𝚫 𝐒
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