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Michael E. Fisher

FOREWORD

“In March 1996 the Departments of Philosophy and of
Physics at Boston University cosponsored a Colloquium
‘On_the Foundations of Quantum Field Theory.” But in
the full title, this was preceded by the phrase ‘A Historical
Examination and Philosophical Reflections,” which set
the aims of the meeting. The participants were mainly
high-energy physicists, experts in field theories, and inter-
ested philosophers of science.” I was called on to speak,
essentially_in_a_service role, presumably because I had
witnessed and had some hand in the development of
renormalization group concepts and because 1 have
played a role in applications where these ideas really mat-
tered. It 1s hoped that this article, based on the talk [
presented in Boston, may prove of interest to a wider
audience.”
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The participants here are mainly
experts in conformal bootstrap
techniques. | was called on to speal
essentially in a service role,
presumably because | witnessed ar
had some hand in the history of
multicritical phenomena in
perovskites. This talk presents my
subjective historyof 50years on

this topic, with simulating theory
experiment feedbacks.



Table 2. Examples of known tilt systems

Substance

NaNbO;(S5)
YAIO,;

SmAIQ;

EuAlO;*
GdAIO;*

DyAlO;

BaCeO,

YCrO,,

YFeO;, LaFeO,,
PiFeOQ;, NdFeOs,
SmFeQ;, EuFeO,,
GdFCO3

TbFeO3, DyFeo:,
HoFeO,, ErFeO,,
TmFeO;:., YbFeO;,
LuFeO,

NaMgF;3( < 760°C)*
Y NiO;, SmNiQ,,
EuNiO;, GdNiO;,
DyNiO;, HoNiQ;,
EI'NiO;r,, TleO;,
YbNiO;, LUNiO;
BaPrO,

CaTiO;

CdTiO;

LaAlO;

PrAlO;(172-293°K)
NdAIO,

LaCoO;
FCF3, COF3,
RUF;, RhF3,
Png, ]I'Fg.
VF;

BiFeO,

LiNbO;

NaNbOs;(N)
LiTaO,
BaTb03
szro.gTio. 103

Cation

displacements space group

Na?

Y

Sm
Eu?
Gd?
Dy

Ba

Y

Y, La,
Pr, Nd,
Sm, Eu,
Gd

Thb, Dy
Ho, Er
Tm, Yb
Lu

Eu, Gd,
Dy, Ho,
Er, Tm
Yb, Lu ]
Ba

Y, Sm, 1

Cd, Ti
La

Bi, Fe
Li, Nb

Na, Nb
Li, Ta

Pb, (Zr, Ti)

Space group
of tilted

Observed . framework

Pnmm
Pbnm
Pbnm
Pbam
Pbnm
Pbnm

Pbnm

Pbnm
Pbnm
Pbnm

Pbnm
Pbnm
Pbn2 1
R3c

R3c

R3e
R3c

R3c
R3c

R3c

R3c
R3c
Ric
R3c

alone

Prnmm
Pbnm
Pbnm
Pbnm

Pbnm
Pbnm

Pbnm

Pbnm
Pbnm
Pbnm

Pbnm
Pbnm
Pbnm
R3c

R3c
R3c

R3c
Ric

R3c
R3c

R3c

R3c
R3c

R3c
Ric

Minerology:
Perovskite(CaTiO,)
lueshitgfNaNbQ)
tausonite(SrTiQ),
macedonite (PbTig,
lakargiite(CaZrQ),
barioperovskitgBaTiQ),
neighborite(NaMgF)

Ferroelectrics,

Magnets,

Multiferroics,

Colossal magnetoresistance,
Superconductivity,

Charge ordering,

Solar cells,

Memory devices in spintronics,
CatalystsX
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Conductive interfaces|edit]
AGdTiO,/SITiO 4l

A aTiO,/SrTiO,42

A avO,/SITiO,42

A aGa0,/SITiO,43l
MrAlO,/SITiO, 144
ANJAIO,/SITiO, 44!

i~ i ANdGaO,/SITiO,44
< Thin film crystal JGAIO,ISITIO,

ANd, 5:Sr; sMNO,/SITIO, 48!
<4 2D electron gas e,
Aamorphous-YAIO,/SITiO,4d
%ao_E,AIO_?Sro_5Ti%&03/SrTiO3@1
yScO,4/SITiO,
< Crystal substrate ACTa0,/SrTO, 2
ACazrO,/SITiO,BY
Insulating interfaces|edit]
A aCrO,/SrTiO,5H
A aMnO,/SrTiO 43!
A a,0,/SITiO,4d
A ,0,/SITiO 4
A aYO,/SITiO 4l
AEUAIO,/SITIO, 4]
ABiMnO,/SITiO 52
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Sr1T10q : cubic to tetragonal Also RbCaF

Octahedra rotate¢ move Sr towards vertical axqgetragonal antiferrodistortive



LaAlOq : cubie to trigonal

cubic to tetragonal

LaAlOq : cubic to h‘-igﬂ?mi/




Interaction of Elastic Strain with the Structural Transition of Strontium Titanate*

Landau theory P

IBM Thomas J. Waison Research Center, Yorktown Heights, New York 10598
AND
H. TroMAS

Order parameter vector of rotation Q Qhas n3=d components

G =Go+ 30T - T0)Q% +(Q%)? +v(QF + Q4 + Q3) + ex(m + 12 + 13) Q?
+ea[m(2Q7 — Q3 — Q3) + 12(2Q3 — QF — Q) + n3(2Q% — Q% — Q2)]
+e3(Q1Qam6 + Q1Qsns + Q2Q3m4) + 5 ¥ Capnanp,

@B Elastic strains
v>0 == order along 111], trigonal. v<== order along Q01], tetragonal.
u+v 3>0 u+w>0

Q=0 for T>T., |QF o< (T.-T), T<T.



Soft mode

G =Go+ %Q(T —To)Q* + u(Q%)? +v(Q7 + Q3 + Q3) + ex(m + 12 + 13) Q7
+ea[m (2Q7 — Q3 — Q3) + 12(2Q3 — QF — Q3) +13(2Q% — Q% — Q)]
+e3(Q1Q2m6 + Q1Q3m5 + Q2Q3m4) + 3 Z CapMans;

3

Can minimize over the e® obtain arenormalized energy for the @

W) G =G+ [a(T - To)Q + w(@Q*)? +v(Q% + Q4 + QY)
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Experiments:

A X-ray and neutron scatteringjive lattice
structure

A In ordered phase, rotation generatsgain:
e1(m + 12 + 13)Q° ea[m(2Q7 — Q3 — Q3) ]

A EPR spectrébelow)

A Specific heatX



Static Critical Exponents at Structural Phase Transitions

K. A. Muller and W. Berlinger
IBM Zurich Reseavch Labovatory, 8803 Ruschlikon, Switzeviand

(Received 27 October

The temperature dependence of the rotational displacement parameters below the
second-order phase transitions in SrTiO; and LaAlOg at T, =105.5 and 797°K is de-
scribed by an exponent 8=0.33+0.02 down tot=T/T,=0.95. For smaller ¢’s there oc-
curs a change to Landau behavior approximately followed between? =0.9 and 0.7. The
observation of static critical exponents near displacive phase transitions confirms now

the notion of universality in this field.

Fel’t re places AlPY. EPR line s hifts with rotation angle



MFT

) 2 . .
1 |QI o (T, —T) e’
002 -
+ D LaAIO; : Fe*
° (pz SrTiO5 Fe®*
- 2.0
| o ¢ SrTi0, : Fe -V,
(P rii 0
D ? p?
LaAlO, SrTiOy
001 - R
1.0
crossover -‘
%
%
critical ‘a‘
0 T T T T — .l 0
07 08 t 09 1.0

e

T,i Is lowered, power law changes

T, = 106.5°K

£=0.33=0.02

Whichuniversality classis this??



Critical phenomena

Reduced Temperature, t ' 3
F—F, | Correlation
Order | &
T | length S
c s ,[parameter | 5 g
£ -4 5
i -y =L g I , 8
Specific heat (' oc £ | g 2
s ( - P
Magnetization s [\ €
(48 \ -
% ,:". 2
_’ ' o
. sp =g A £ Q
Magnetic susceptibility x‘fl WA 7
e | &
. 1 o 1
Correlation length Recuced temperature

Critical behavior of the order parameter an the
correlation length. The order parameter vanishes with
the power B of the reduced temperature t as the critical
point is approached along the line of phase coexistance.
The correlation length diverges with the power v of the
reduced temperature.

- Need introduction to RG



| arrived at Cornell in Jul972
Took the RG course from Wilson.
Also therePfeuty Bruce Kosterlitz Nelson

Physics Reports

Volume 12, |ssue 2, August 1974, Pages 75-19%

ELSEVIER

The renormalization group and the € expansion %

Kenneth G. Wilson 2 b T, ). Kogutt

Critical Exponents in 3.99 Dimensions* PRIL28, 240

Kenneth G. Wilson and Michael E. Fisher
Laboratory of Nuclear Studies and Bakevr Laboratory, Covnell University, Ithaca, New Yovk 14850
(Received 11 October 1971)

Critical exponents are calculated for dimension d =4 = € with € small, using renorma-
lization-group techniques. To order € the exponent y is 1 +-§-€ for an Ising~like model
and 1 +te for an XY model.



A. Aharony, Dependence of universal critical behavior on symmetry and range of interaction
RG in Phase Transitions and Critical PhenomenaC.Domband M. S. Green, eds., V@ (Academic Press, NY,976,
p. 357

Partition function: 7 = exp[—F/(kzT)], Z = [qu) (de”Q{:{j) exp [H{Q(x)}]

Local Hamiltonian includes gradients, H = / d"x[ — %{?QET{} - VQ(x) — GQ(x)]/(kgT)] é?l?gsjrg

Fourier transform: Q(q) = €'Y, exp[iq-x]|Q(x), q in 1st Brillouin zone (BZ), |q,| < 7/a

Approximate BZ by a sphere, |q| < A = — %J (r+q?) 25 S+ S2% =20 (u+vd )
q o

aB q

Q“ S q near (m,7,T) X j_:J: f_ SESE'SE"SfE-E'-E": 4
q q' q!f

Renormalization groupintegrate in Z over short length scalesA/b < |q| < A q,
Then rescale length, q = ' = bq andpademeter scale, Q(q) = Q'(bq) = Q'(qd') = (' Q(q)
‘ (H{Q (@)} =, {Q) New Hamiltonian similar to previous

one, but may contain new terms



Under renormalization step, x= x/b, q = bq,

At fixed point, £ =oc (or ()

» Critical point flows to the Fixed point!




H,=RH, ... H,=RH

Search for fixed points,

.-H* :RH %

If £(0) < o0, iterate

until ¢ = ¢*, where

§(07) =€(0) /b7 ~1

then solve Landau theory

with renormalized parameters

Michael E. Fisher: Renomalization group theory

physical physical manifold
critical v -
point , #V=Hen
(a)
U
oL RS
renormalized *Ha‘h’ first
critical | ,
oint J t’ ) rennfrnnuzed
P T \ \ manifold
v J, v y \
f’z / \ VN
/  critical _— ‘*N \
¥ trajectories N RB[]
-1

fixed pn'mtﬁ*
‘*é—- —_ = —
x g

(c)



Near fixed point, H — H* + Z 11;O. + higher order in the p's
1

= H =H"+) [;1,]O, + higher order in the p's

O

g
Linearize, diagonalize the matrix of derivatives, ] = 11 = b,
i

o

O, arescaling operatorsand the couplings #; depend \\N
on original Hamiltonian parameters 72/
Singular part of théree energy density /%}\\\
__1,—Vtd P\ A )
f(ﬂf.-lr Hoy g, .. ) =0 f(b lﬂ.-lr b ZH-Q; D Sﬂ-'gg .o )

Scaling, Homogeneous functiongVidom, Kadanoff



f(lul Hos Hazs - ) — b_gdf(bghlﬁ’lﬁ bf}ﬂﬁ?: bf)ﬂgﬁ’gr . )

A >0 = o isrelevant A, <0 = o, Is Irrelevant

A, =0 = o Is marginal ---Log corrections
py =toc (T'=1T,) (0) =&t~ = (0¥
b oc £(0)/€(0) = £(0) = &t ™" PMT =T,) = (T=T)"™™ A =1/v

flpeg. pg. pz. ...) = \t\d”f(g.g\t\_%,y.g\t\_‘i’ﬂ, ..) Oy = VA



jlo = H Orderingfield 0y = A=+~ > () = H isrelevant

If there are no other relevant operators then the fixed point represents a
regular critical point

b, Ho g, o) = Y FOH/S 7%, ) = (4" fo (/) Lyt +. ]

Irrelevant .

Correction to scaling

Q(H =0)=—0f/0H o [t|" 2 f" o [t|°[L + aglt|* + .. ] W= —0g ==\ >0

B=dv—A=2—a—(B—7)=28+4+7)—(B+~) 4=m Scaling relations among exponents

f, dlog@ .
X =0Q/0H o [t|"[L+a,|t|” +..] Bog = Tlogt] B+ waglt]

effective exponents



If there is another relevant operato- crossoverto another behavior
multicritical point

f(t H, g, ...) = [t(|"F(H/E, pglt] 7%, .. )

relevant

3
kT

Example: Isotropic Heisenberg models = — =_fdﬁ[g("'é)h%r]é\%u[‘é’\“_ﬁ -S|

Tt 1t 1

A

U= —Ar
> |
/‘ H / uw>Ar = r increases, 1 — o©
A\( / U << j’l-r —> 1l becomes negative and large
G

L} first order transition

Gaussian fixed point representdricritical point



AUg
Crossover from Gaussian to Heisenberg ,) \_;/

dr/dl = 2r + A(P)u + O@Wu?) /*\< /

dufdl = eu — B(r)ut + Ou8) :
— el /[(1 B(e€! —1 Oy Y
wp = e /{(1/uo) + B(e® —1)/e] )= T L
- + min (%tRJWQ + uRAfﬂ)
1.0/ R=1+(n+ 8)u(ed* —1)271%€
” tR = tR_(n+2)/(n+8)7 UR — U/R
2 4 6 8 10 / PHYSICAL REVIEW B VOLUME 13, NUMBER 5 1 MARCH 1976

Equations of state and renormalization-group recursion relations

Joseph Rudnick
Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106

David R. Nelson*
Baker Laboratory and Materials Science Center, Cornell University, Ithaca, New York 14853



UNIVERSALITY F(t. H, pg. ..) = [P F(H/D, palt] %, )

Scaling function comes from fixed poqindependent of initial Hamiltoniag UNIVERSAL

Also impliedJNIVERSAL AMPLITUDE RATIOS, equation of state, correlation functions

V. Privman P. C. Hohenberg, and A. Aharony
Universal criticatpoint amplitude relations

in Phase Transitions and Critical Phenomena
C.Domband J. LLebowitz eds., Vol.14
(Academic, NY,199)), pp.1-134, 364367

£, =8,L7" (¢>0, H=0)

Ci=(@A/a)™™ H=0,t>0)

RY=AY"t, {ammm) 1y-2-q.

Also finite size scaling R =i, [1+e (1--20) vote)

L—L/p wp [(()=1 = p =]

Cs=A"/a)t1™™ H=0,t<0)

dj ‘ AJAT=202(1 1 €) 2
Flt. po. prge o) = L7 (g LY pup L2 gL ) / (1+e)n+0(€)




2nd example: cubic problem

PHYSICAL REVIEW B VOLUME 8, NUMBER 9 1 NOVEMBER

Critical Behavior of Anisotropic Cubic Systems

Amnon Aharony
= E T+q]z:3" So3—27 (u+vd,,)

WilsonFisher aB

Renormalization Group ffJ' 5% 58

_q_ql‘ -q. r

w =b*"{y— 4K, Inb(1+ 2€lnb)[(n +8)u’+ 6uv]+ 16 K21n?b[(n?+ 61 + 20)u®+ 9(n + 4)u®v + 2T uv?]
+32K% Inb(1+1nb)[ (57 + 22)u’+ 36 uPv + Quv®] },

v’ =b*"%{v - 4K,Inb(1+ 2€lnd) (12uv + 9v?) + 16 K3 1n?p (36’ + 54 uv®+ 270°)
+32K%Inb(1+1nb)[3(n + 14)u% + T2uv®+ 270°) },



Gaussian:
uf=0%=0;

Ising:
I_ I_ 3
u'=0, v EEK,, (1+§-,—E}+G(E );

Heisenberg:

€ 3(3n + 14)
v -'El u "4Kd(ﬂ+3}(1 —{'—-E‘ig-‘ )+D‘(Eﬂi

Cubic:
c € ( (n—1)(106 - 197n) ) g
SRR Ty o T W €)+0t),
o__€ (n-4 (n-l}{l'?n+110ﬂ-424]
T12Km\ 3 81n°
+0(€?) .

)

Gaussian:
.TILE: AEZ 'E;
Ising:
M= 5€-31 €+ 0(€7), N=-e€+3e*+0(e);

Heisenberg:

On + 42

lf: - € +I:H_BF E3+ Q(EE},

n-4  5n°+14n4152 ,

H_ 3
Weps <F (n+8)° +0(€).
Cubic:
c__ {H—l}[l?ﬂ - 4n+ 212) 2 3
M= T T 1 2) +0le)
c_ 4-n
=g €

(n—1)(19n% = 72n°% - 660n + 848)
81n° (n+2)

€2+ 0(e?).



A. Aharony, Dependence of universal critical behavior on symmetry and range of interaction
iIn Phase Transitions and Critical PhenomenaC.Domband M. S. Green, eds., V4.
(Academic Press, NY,976, p. 357

vArs V“

H gisenberg Gaussian \
K u A\ Heisenberg

crossover

Gaussian
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Critical Behavior of Anisotropic Cubic Systems
Amnon Aharony

borderline of stability of the Heisenberg fixed
point depends on the order of the truncated series
used for A, Using the order-€ result, the Heisen-
berg fixed point is stable for n <4, This explains
Cowley and Bruce’s® result for n=3. Using the
order-e® expression, given above, one finds that
A>0forn>2, and \’=0atn=2. Recently, Ketley
and Wallace'® calculated the order-€® term in ¥
using a Feynman-graph expansion near the Heisen-
berg fixed point. To that order, they find the
borderline goes up and lies close ton =4, Ketley
and Wallace conclude that for»n =3 the radius of con-
vergence of the series for Al is smaller than 1,

and that no conclusions may be drawn. We con-
clude tentatively that A} is either positive or very
small in magnitude, so that it is important to study
other possible fixed points and other types of criti-
_cal behavior.




A. Aharony, Dependence of universal critical behavior on symmetry and range of interaction
in Phase Transitions and Critical PhenomenaC.Domband M. S. Green, eds., V@ .(Academic Press, NY,979, p.357

¢ =0, M =)\ =0

5 ; ‘ 4+ 3.176¢ _
ne =4 — 2+ —[6((3) — 1]e? + O[] = ~ 3.128 at € = 1.
. s -? / | \ |
}3(_—. > 13 . 1st Ordel’J Ising ~’/ IS\
Heisenberg is stable |

B=0.37+0,01

H

. R Heisenberg | Gaussian - )

Gaussian \ K i ‘ ‘\ Heisenberg

Larger than experiments! an ,
1storder

£=0.33+0.02




Alex Muller visited Cornell 1973

Static Critical Exponents at Structural Phase Transitions

K. A. Muller and W. Berlinger

[en] [Degree?]
o © o Lemo, < Fe" cancy (Fe®'-V,) is observed.® Very recently
o ¢ SITi0g « Fe* . proper shaping of SrTiO, crystals led to samples
0 1 o ¢ SrTi0; 1 Fe™V pe which became nearly monodomain below the
LoAtO, SITiO, phase transitions.'® These samples allowed us a
. heretofore unattained accuracy in the determina-
> tion of ¢. The ¢ axis of the monodomain was
\ [ aligned parallel to the rotation axis of the mag-
*‘*,,\ net. Under this geometry there are essentially
.‘.
0 T — T 0
07 08 _t _ 09 1.0

(Usually, samples have many domains)



Coupling to strain

1
G=Co+|a(T —T¢) (@1 + Q3 +Q3) +2p: 01

+p2(Q5 + Q3|+ u(QF + Q3 +Q3)°
+o(Q1 + Q3+ Q3),




Polycritical Points and Floplike Displacive Transitions in Perovskites

Amnon Aharony anc@stair D. Bruc

Bakey Laboratory and Matevials Science Center and Labovatory of Atomic and Solid State Physics,
Covnell University, Ithaca, New York 14850
(Received 29 April

ﬁ_f=fdsx{% [?nﬁz"" {?'6}21"'3?0@4'50 Ea Qo
=1

3 - p[to0]
= 20 Tol(Ly = L)Q 2 + L Q] = Lg(@,Q,T ¢+ @R 7, + Q5Q, )t 4 Te (p)
a=1 __ _ _ ORDERING
IN (100)
stress along the [100] axis, T,==pb;, PLANE /é:PﬂNEHTS

_ e - 3
gel100] = f,.;gﬂx {2[7Q2+7,@.2+Q) + (V QP+, @ +7, 2 Q.7 FLOP-LINE
=1
J POINT

=T
v =v,+2pL,and v,=v,+2p L,

ISING

ORDERING A/ EXPONENTS

G(T,p)~ItBHf(p/ 1119, ALONG [100]

. £ ~— ) w
© 1s the crossover exponent for p pt)~zw,t



p[100]
4 Te (p)
ORDERING
IN (100)
PLANE

XY
~ EXPONENTS

BICRITICAL
POINT

FLOP-LINE |

»-T
<=
ISING
ORDERING EXPONENTS
ALONG [100]

FIG. 1. Schematic phase diagram for a perovskite
with a [100] stress, assuming v <7;<0 (SrTiOg. The
arrow locates qualitatively what we conjecture to be
the position of the observed transition in monodomain
SrTiO;.

In the light of the above analysis we
conjecture that this mechanism is simply a sys-

tematic strain field which breaks the cubic sym-

metry, as discussed above, and leads to a c7oss-

ovey from the purely Heisenberg critical behav-

ior expected for a strain-free sample to an Ising-

like behavioy, as indicated in Fig. 1.22 We note

that the experimental value® of 3=0.33+0.02 is

quite consistent with this suggestion since we
must presume that the experiments were per-

formed in the crossover region, in which the ef-
fective value of 8 changes from its Heisenberg
value, By =~0.37, to that appropriate for the Ising
system, B;~0.31."% | |
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Coupled order parameters, symmetry-breaking irrelevant scaling fields, and tetracritical
points

Alastair D. Bruce*
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14850

Amnon Aharony

A(T, g, v, M) =27, M2 +uM® !

+§gEcEMi+v;M§
[0S

.HT'TF;{;]_*;

g

T,(@
ordering along

[010] or [001]

ordering along
[100] Tilg)

Landau theory

t=[T(g) - Tc]/Tc”glwl

g =
- Ti{g} zpl ¢.K
ordering along
[o10] or[0Of]

ordering along
[100] Ty(g)

RG, near H or C fixed point



In ordered phase of the symmetric structure,

A9

Goldstonemodes now have emass T,(g)

ordering along
1 [010] or[0O01]

5 Tu(0)Q(0)?

ordering along
[100]

X1 X

4

oc [t [+

- T

T,(g)
Different for cubic and Heisenberg fixed points!




49 1 T,(g) 49

I. ordering along
[011]

ordering
along [011]

T,(g,v)

I Tetracriticalpoin

- |intermediate
II. ordering

along [100]

(g II. ordering along [100]

LaAlOq

Landau theory RG, near H or C fixed point

[T, — T,(g.»)] ~ (g/v)/¥2

For H fixed point, v is@angerous irrelevant variatde

by > O, Vs =¢’g C

F(t,g,v)=t** F(gt "”f, vt =%v)



Volume 59A, nurhber 2 PHYSICS LETTERS 15 Novembe£1976)

AXIAL AND DIAGONAL ANISOTROPY CROSSOVER EXPONENTS
FOR CUBIC SYSTEMS

A. AHARONY

IBM Zurich Research Laboratory, 8803 Rischitkon, Switzerland
and Department of Physics and Astronomy, Tel Aviv University, Ramat Aviv, Isrgel *

Eas = ~8Zp [SEDSB() — 85 S() - S()n),

Near the cubic fixed point, n—72 (n—2)(7 2+ 1965 — 212)

Gigg =1t ——€ +° k ” €2 + O(e3

o 3n 162n3 )
o 1 o
O = Q= —= D0 ,
! Sne—49n+ 53
Ganis = 1t € — ~———¢’ + 0(¢%) .
81n

Odi‘ag — (21(22

Implies different shapes of phase diagram, different Goldstone maates,



Note: all the multicritical points discussed here

were simultaneously also discussed in the context

of magnetic systems:

Ising surface Tg(Hy,H,)

P.Pfeuty J. MKosterlitz D. R. Nelson, Bomany D.Mukamel
D. J. Wallace, Brézin S.Hikamj R. Abe, Nattermann J. Rudnick,

E. Riedel, F. Wegner, A. J. Larkin, RhEeitzkii,X.
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Equations of state for bicritical points, I, Calculations in the disordered phase

David R. Nelson*
Baker Laboratory and Materials Science Center, Cornell University, Ithaca, New York 14853

Eytan Domany
Labaratorv of Atomic and Solid State Phvsics. Cornell Universitv. Ithaca. New York 14853

‘lg —-—
X(t,g)~ 1" V¥ (g/t?)
, -
XY ORDER
H
<) DISORDERED
- T _d 1nx HEISENBERG TO XY
T - CROSSOVER
Vett = Z
A
ISING ORDER dln %
eff
tt
45
AH .40 SERIES
1.35F
.30
SPIN FLOPPED
v .25 €- EXPANSION
Hp DISORDERED l'zoﬁ/_—
.15
ANTIFERROMAGNETIC .
Shss et iy e e (=t/1{g) -1
. - logjo +




Polycritical Points and Floplike Displacive Transitions in Perovskites

Amnon Aharony and Alastair D. Bruce*

Baker Labovatory and Matevials Science Center and Laboratory of Atomic and Solid State Physics,
Covnell Univevsity, Ithaca, New York 14850

p[1 (Received 29 April 1974)

4 Te (p)
ORDERING
IN (100)
PLANE

XY
~ EXPONENTS

BICRITICAL
POINT

FLOP-LINE |

-7
(===

ISING
ORDERING _+/ EXPONENTS

ALONG [100]

FIG. 1. Schematic phase diagram for a perovskite
with a [100] stress, assuming v <7,<0 (SrTiOg. The
arrow locates qualitatively what we conjecture to be
the position of the observed transition in monodomain
SrTiO;.



Behavior of SrTiO, near the [100]-Stress—Temperature Bicritical Point

K. A. Muller and W. Berlinger
IBM Zuvich Reseavch Labovatovy, 8803 Riischlikon, Swilzeviand

(Received 2 September

The earlier measurements of the temperature
dependence of the order parameter have been
carried out on monodomain samples® to achieve
a better accuracy near 7T',. The experimental val-
ue obtained gave 8=0.33+0.02." Because of the

n=
~— {010} uniaxial character of the sample, the Ising value
Huro B;=pB(1) =0.315 rather than the Heisenberg By
D\T\‘\O\
— 1
¢ (T)=@o(1 =T/T )™ 8(1)=0.315
Order x[1+6,(1 =T/T ) +...] -
parameter _ :
correction Ising n=1

{oo1}
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Coupled order parameters, symmetry-breaking irrelevant scaling fields, and tetracritical

points

Alastair D. Bruce*®

Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14850

P
p Il ordering

along

[11]

Tz ( p,'\a')

"intermediate”
phase

-

Landau theory

Amnon Aharony

p
) [144]

ordering
along [111]

T,( p,.v)

"intermediate”
phase

RG, near H or C fixed point
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Stress alonglj1]]

ORDER PARAMETER AND PHASE TRANSITIONS OF STRESSED SrTiO,

K. A. Miiller, W. Berlinger, and J. C. Slonczewski*

IBM Zuvich Reseavch Labovatory, 8803 Ruschlikon, Switzevland
(Received 6 July

EPR spectra of Fe-V pairs were used to study how the order parameter of SrTiO,
varies with uniaxial stress applied to a (111) face. A second-order cubic-trigonal phase
boundary appears above the stress-free transition temperature T,. A first-order tetra-
gonal-trigonal phase boundary is found below T,. An independently determined Landau
potential describes the results.

U=3KQ"+A'Q* +AHIZ{:- Qi°Q;"
1<J
_be; Tii(gQiz*QE)_bté Tij Q:‘Q.i |




(kg /mm?)
H- |
_ I
trigonal Lp 4
20+ I —-second
tﬁ order
e present ’
10 4 x Burke and Pressley 1
- = Theory peenco” | poeudo-
tetragonal d cubic
/
T . L4 /mem— 1 ] ‘ L OE 1
0 20 60 80 100 —* T(°K)

Ta
FIG. 3. Phase diagram of SrTiO4 for stress~induced

R3c phase. For T'<T, the transition is first order,
for T>T_ second order.




In the mountains near IBM ZUrich, cirt@75

X Many mutual visits in Tel Aviv and Zlrich:
Phase transitions in perovskites or hgt
Superconductivity?

Solid State April 1987 Conference in Zirich, celebrating Mu@s0o™" birthday

Physics
My talk &My life with Alex Muller and the perovskites

B October1987 Announcing the Nobel Priz¥, X

;




Trigonal-to-Tetragonal Transition in Stressed SrTiO;: A Realization
of the Three-State Potts Model

Amnon Aharony
IBM Zuvich Reseavch Labovatory, 8803 Riischlikon, Switzevrland, and Depaviment of Physics and Astronomy,

Tel Aviv University, Ramal Aviv, Isvael*

and
‘ K. A. Miiller and W. Berlinger
IBM Zuvich Reseavch Labovatory, 8803 Rischlikon, Switzevland

(Received 18 October

S,=(Q, +Q, + QE}/V,?;: S,=(Q, - Qﬂ)/ﬁ: and S; = (Q, + Q; = ZQ:E)/;."FE

ARC= Ja%{lr, + 4@ +50)MZIMS, +4( + v)MS,(S,2 +S,%) +4{ +30)MS 3 +2"F—VMS:{(S 32)}

ﬁEeff = fddx{%[;’z(szz +S55%) +(VS,)% + (‘R?Ss)z] + Ez(szz +85%)% +wS,(S,° - %332)}



PRL37,565(1976
Magnetization of Cubic Ferromagnets and the Three-Component Potts Model

David Mukamel, Michael E. Fisher, and Eytan Domany
Baker Laborvatory and Labovatory of Atomic and Solid State Physics, Covnell University, Ithaca, New Yovk 14853
(Received 19 April 1976)

, The (Hx ,H, ,H,) phase diagram of a cubic ferromagnet with three easy axes, in a field
H=(H, »H,), is studied by mean-field, scaling, and renormalization-group theories.
For T< T (H=0) and H || [111] there is a phase transition at fields + Hy(T), described by
the three-component Potts model. By varying H the full phase diagram of the three-di-
mensional Potts model is experimentally accessible and competing predictions of the mul-

ticritical behavior can be tested.

[ 60,2(0,% + 0,2) = 2V 20,(0,° = 30,20,)

+5(0,2 + 022)2 +0,%].




For w =0, the Hamiltonian (4) represents a sec-
ond-order XY -like phase transition. However, w
is a relevant variable, with exponent™ A, =1-¢€/
10 - 3€2/100 +O(€®). Simple scaling arguments'®
now yield for w # 0 a first-order transition, with
an order-parameter dlscuntmmty AS) w87,

where 6% =(d =x)/A, =3(d =2 +0)/A ~ (.62

20 |

S(AH,) (6)
o
k

h“xaun+ - 1.47 AHJ°°

o | | ! |
0 25 50 75 100

AH (] (@)

———




Side comment ) L.
Thé 1as a 2nd order transition for p < p,.

p—state Potts model

due to fluctuations, and a 1st order transition for p > p..

p.=4at d=2. What is p,. at d = 37

PHYSICAL REVIEW B VOLUME 23, NUMBER 1 1 JANUARY 1981

First- and second-order transitions in the Potts model near four dimensions

Pc

Amnon Aharony” and E
T. J. Watson Research Center, P. O. Box 218, Yorktown Heights, New York 10598
)‘193{]}

(Received 28 Jul

The continuum generalization of the p-state Potts model is analyzed in the ordered phase.
Renormalization-group iterations in ¢ =4 — e dimensions are followed by an elimination of the
transverse modes and a mapping onto an effective Ising model. This model is then used to
show that the transition is first order for p > p,(d) and continuous for p < p.(d). We find that

pe(d)=2ford >4 and p,(4—€)=2+e+0(e?).




Plan for3d |ecture

Critical behavior of compressible systems

Whatis T, — ? What are the implications?

Fluctuation driverist order transitions






