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Experimental characterization of phase transitions



Phase diagrams:
correlated-materials research




Temperature, T (K)

Phase diagrams:

maps to guide correlated-materials research
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What is a phase?
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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

» |dentify 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

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, ...
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Exercise: \What order are the phase transitions?
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The phase diagram

Ba, K Fe,As,
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Note on hystereses at first-order transitions

Latent heat TAS should lead a hysteresis. However,
* Possibly very small

* Instrumentation can mask a hysteresis
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Exercise ll:

Where is the phase
transition and what
IS It?
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Relation between transport and thermodynamics

Elastocaloric effect
Elastoresistance
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Heat capacity
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Fisher-Langer relation:

entropy S ~ resistance R
or C=1/TdS/dT~dR/dT

(does not have to be true, but
often works)

M. E. Fisher and J. S. Langer,
Phys. Rev. Lett. 20, 665 (1968)

Hristov et al., PRB 99, 100101 (2019)
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Frequently valid relation:
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The importance of sample quality  example: nbse,

yd
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The importance of “sharpness”

intrinsic evolution from phase

Sample-quality related broadenlng transition to ,crossover*
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The importance of criteria

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!
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The importance of using thermodynamic rules

0-6 LI ] L] ] L] 1 L]
CeRh_As_| @ T_from C(T) “It is not possible to have a multicritical point at some field H,,,
2 2 3 h th . .
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. m T, from p(7) for H < H, and one phase boundary (first or second order)
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' (old batch) swapped) [Yip 1991].”

20_3 Therefore:
~
 the point b is a bicritical one and the SC1-SC2 transition
0.2 must be of the first order
« At point t, the boundary of Phase | has to continue inside
0.1 the SC2 state (tetracritical point)
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Semeniuk et al., Phys. Rev. B 107, L220504 (2023) RUHR RU B
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The importance of choosing sweeps

Lh
T

% CeRh»As» | I I I I ‘ ' ‘ |
= 0.6 To CeRh>As», A a.(T) @ y (T
W 3 B A (H) & y(H) -
= 0.5 * M(H) e C(T) -
= f
> 0.4+
<
~ 03
0.2
0.1
0 2 4 6 8 10 12 14 16
poH (T)
Semeniuk et al., Phys. Rev. B 107, L220504 (2023) RUHR
Khanenko et al, Phys. Rev. B 112, L060501 (2025) oL RSITAT R U B



Example: building the p-T phase diagram of FeSe
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|dentify 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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|dentify a structural transition

,superstructure peaks*

Increase in unit-cell size:
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|dentify a ferromagnet/antiferromagnet

(Magnetization measurements: work for local-moment magnets)

Paramagnet M Ferromaanet Antiferromagnet

S
x 05 ]| | X'J_
A

As N

Y =C/T

> T T-T, T (K)
Other magnetic probes:
* local magnetic probes (USR, NMR, Mossbauer)
* magnetic diffraction (e.g., neutrons)
* magneto-optics (e.g., Kerr effect)
See: Mugiraneza and Hallas, Tutorial: a beginner’s guide to interpreting magnetic i — RU B
susceptibility data with the Curie-Weiss law, Communications physics 5, 95 (2022) BOCHUM



Real-life examp

0.002

0.001

M/H (emu/mol)

0.000

o
o
I}
@

M/H (emu/mol)
o
o
(5

Temperature (K)

0.001

e Hlc CaKFe 4As4
i o Hle H = 50 kOe
50 100 150 200 250 300

T (K)

es for magnetic properties

-5
o
3 E s
s g3
1 YbPd,P, = s
I8 H=1 kQe © 06} x
E : =
£ 0.4 o 0 10 20 30
B H]| ab 2 LiH i u] Temperature (K)
T a
s | CePd,P, = iTe
I 02 H=10kGe
IR U MR RPN R T a
50 100 150 200 250 300 150 200 250

Temperature (K)

7 ( 107 cm’/mol)

150
T (K)

200

250

5 0.10 ¢
=] H=1kOe
5 .

-~ 0.05 20 40
‘S - Temperature (K)
E,‘—H lc T

i —H]|l a 7
0_00 1 1 L 1 " 1 1 L
0 50 100 150 200 250

Temperature (K)

¥ (10" emu mol” Oe™)
n

300




|dentify a (bulk) superconducting transition

ac, 1.43
m" .
v
Current density low enough « Zero-field cooled (typically) « Signature of bulk
Filamentary * Hlow enough superconductivity
superconductivity possible «  Demagnetization factor = 0 Could still be only a phase

. Shielding fraction only! fraction (compare to BCS curve)

Criterion for T, can be very important! There are (many) common criteria in use.
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Discovery of the iron-based superconductors J
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Discovery of the iron-based superconductors  J|A|C|S
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Competing orders and spin-density-wave instability
in La(O;_«xFx)FeAs

J. Dong, H. J. ZHANG, G. XU, Z. L1, G. L1, W. Z. Hu, D. Wu, G. F. CHEN, X. DAI,
J. L. Luo, Z. FANG®) and N. L. Wang(®)

Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics,
Chinese Academy of Sciences - Beijing 100190, China

received 8 May 2008; accepted in final form 30 May 2008
published online 27 June 2008

Heat capacity, Resistance in magnetic fields, optical reflectiance, DFT

Abstract

The interplay between different ordered phases, suc

spin ordered phases, is of central interest in condensed-matter pl
of superconductivity with a remarkable T. =26 K in Fe-based o>
KAMIHARA Y. et al., J. Am. Chem. Soc., 130 (2008) 3296) is a su
and has generated tremendous interest. The pure LaOFeAs itself
an anomaly near 150 K in both resistivity and dc magnetic suscept,
experimental and theoretical evidences showing that a spin-densi
low temperature, in association with electron Nematic order. The
the SDW instability and induces the superconductivity. Therefor
exciting new system showing competing orders in layered compc

J. Dong et al 2008 EPL 83 27006

Additional Remark: After we submitted this paper
(arXiv:0803.3426), neutron scattering experiments
(arXiv:0804.0795) were reported to confirm our predicted
SDW state at low temperature. The neutron data
indicated also a very subtle structural distortion, which

deserves further study.
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Magnetic order close to superconductivity in the
iron-based layered LaO,_,F,FeAs systems

Clarina de la Cruz"*, Q. Huang’, J. W. Lynn?, Jiying Li>*, W. Ratcliff II°, J. L. Zarestky’, H. A. Mook?, G.
J. L. Luo® N. L. Wang® & Pengcheng Dai'*
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Magnetic order close to superconductivity in the
iron-based layered LaO,_,F,FeAs systems

Clarina de la Cruz"*, Q. Huang’, J. W. Lynn?, Jiying Li>*, W. Ratcliff II°, J. L. Zarestky®, H. A. Mook?, G. F. Chen®,
J. L. Luo®, N. L. Wang® & Pengcheng Dai'*
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BaFe,As,: candidate for an iron-based superconductor
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Superconductivity at 38 K in the Iron Arsenide (Ba,_,K,)Fe,As,

Marianne Rotter, Marcus Tegel, and Dirk Johrendt™

Department Chemie und Biochemie, Ludwig-Maximilians-Universitit Miinchen,
Butenandtstrasse 5-13 (Haus D), 81377 Miinchen, Germany
(Received 29 May 2008; published 5 September 2008)
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The nematic phase in iron-based superconductors

Ba(Fe,Co),As, Tetragonal-to-orthorhombic
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Discovery of new structural features in thermal
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New tetragonal magnetic phase in Ba,_ XKXFeQQs2
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What is the surprisingly tetragonal magnetic phase?
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Mossbauer spectroscopy
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Two-component
magnetic order
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Chemical tuning of CaKFe,As,: phase transitions?
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Chemical tuning of CaKFe,As,: phase transitions?

CaK(Fe,Ni,),As,
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Experimental evidence
Heat capacity

2nd order phase transition

Slides: courtesy of William Meier UNIVERSITAT RU B
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Experimental evidence

X-ray Diffraction
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2nd order phase transition

30K

300 K

30 K
" X-ray intensity (arb. u.)

1.36 1.37 1.93 1.94 1.95
A (AN

“4J9
. e . RUHR
Slides: courtesy of William Meier UNIVERSITAT RU B

BOCHUM



Experimental evidence

X-ray Diffraction

2nd order phase transition
No chemical superlattice

No distortion from tetragonal
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Experimental evidence
>'Fe Mossbauer Spectroscopy

2nd order phase transition
No chemical superlattice

No distortion from tetragonal

*’Fe Méssbauer transm. (arb. u.)
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Experimental evidence
>'Fe Mossbauer Spectroscopy

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

>As Nuclear Magnetic Resonance

2"d 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

>As Nuclear Magnetic Resonance

2"d 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 H,; =0
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Experimental evidence

’>As Nuclear Magnetic Resonance

2"d 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 H,; =0

"*As NMR amplitude (arb. u.)
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Experimental evidence
’>As Nuclear Magnetic Resonance
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Summary of experimental evidence

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 H,; =0
Other half of As nuclei (As1) sees H,4|c
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Formal symmetry Analysis

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 H,; =0

Other half of As nuclei sees H,||c

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

/7 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

" ISODISTORT  sume Hetp

ISODISTORT

Version 6.3.5, June 2017
Harold T. Stokes. Branton J. Campbell, and Dorian M. Hatch, Department of Physics and Astronomy, Brigham Young University, Provo, Utah, 84602, USA, stokesh@byu.edu

Description: ISODISTORT is a tool for exploring the structural distortion modes of crystalline materials. It provides a user-friendly interface to many of the algorithms used by the
Isotropy Software Suite, allowing one to generate and explore distortion modes induced by irreducible representations of the parent space-group symmetry. It also provides a
Java applet for visualizing and interactively manipulating the free parameters associated with these modes.

Help, Tutorials, Version History
Legacy copy of ISODISTORT version 5.6.1, August 2013

Begin by entering the structure of parent phase @

Get started quickly with a cubic perovskite parent.

Import parent structure from a CIF structure file Choose File | CaKFe4As4_cif txt

If you don't have a parent CIF, create one using ISOCIF




Symmetry Analysis

2nd order phase transition
No chemical superlattice

No distortion from tetragonal

Hyperfine field at Fe

CaKFe,As, P4/mmm1’

All Fe carry same in-plane moment
Half of As nuclei sees H,; =0

Other half of As nuclei sees H,||c
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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:

URu,SI,

AFM order?
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Size of ordered magnetic moment vs. entropy

Neutron diffraction
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Table 1. Summary of ongoing contemporary experiments to characterize the heavy fermion precursor,
the HO transition and the HO and superconducting states of URu» Si».

Angular resolved photoemission (ARPES) [7-11]

Quantum oscillations (QO) [12-14]

Elastic and inelastic neutron scattering [15-19]

Nuclear magnetic and quadrupolar resonance (NMR, NQR) [20-22]
Scanning tunneling microscopy (STM) and spectroscopy (STS) [23,24]
Ultrafast time-resolved ARPES and reflection spectroscopy [25,26]
Phononic Raman [27] and electronic Raman spectroscopy [28]

Optical spectroscopy [29-31]

Polar Kerr effect [32]

Magnetic torque measurements [5,33]
Cyclotron resonance [34]

X-ray diffraction [35,36]

X-ray resonant scattering (XRS) [37,38]
Point contact spectroscopy (PCS) [39—41]
Resonance ultrasonics [42]

Core-level spectroscopy (XAS, EELS) [43]
Elasto-resistivity [44]

Philosophical Magazine, 2014
Vol. 94. Nos. 32-33. 3642-3662. http://dx.doi.org/10.1080/14786435.2014.916428




Table 2. Summary of analytic theories and models proposed to explain the HO, with an emphasis
on the recent contributions. For proposals of specific multipolar magnetic order on the U ions, see

Table 3.

Barzykin and Gorkov (1995)
Kasuya (1997)

Ikeda and Ohashi (1998)
Okuno and Miyake (1998)
Chandra et al. (2002)
Viroszek et al. (2002)
Mineev and Zhitomirsky (2005)
Varma and Zhu (2006)
Elgazzar et al. (2009)
Kotetes et al. (2010)

Dubi and Balatsky (2011)
Pepin et al. (2011)

Fujimoto (2011)
Riseborough et al. (2012)
Das (2012)

Chandra et al. (2013)

Hsu and Chakravarty (2013)

three-spin correlations [45]
uranium dimerisation [46]

d-spin density wave [47]

CEF and quantum fluctuations [48]
orbital currents [49]

unconv. spin density wave [50]
staggered spin density wave [51]
helicity (Pomeranchuk) order [52]
dynamical symmetry breaking [53]
chiral d-density wave [54]
hybridization wave [55]
modulated spin liquid [56]

spin nematic order [57]

unconv. spin-orbital density wave [58]
spin-orbital density wave [59]
hastatic order [60]

singlet-triplet d-density wave [61]
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