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Microscopic theory of magnetic-field-induced structural phase transitions
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The microscopic theory of a magnetic-field-induced structural phase transition is developed. The mechanism
of the phase transition is connected with the cooperative Jahn-Teller effect. For a set of microscopic parameters
determined earlier the anomalies in the acoustic, magnetic, and magnetoelastic properties have been analyzed
for a wide range of temperature and external magnetic fields. Special attention is paid to the unusual giant
dynamic magnetostrictionS0163-182807)04633-X]

INTRODUCTION tals as examples. The results of numerous calculations of
different crystal properties, already experimentally observed

The understanding of the mechanism of the cooperativer predicted, are presented.
phenomena in condensed matter at a microscopic level re-
mains of prime importance in many modern fields of science THE HAMILTONIAN
including ferroelectricity, superconductivity, magnetism,
structural transformations, polymerization, peptide folding, The crystals under consideration have the tetragonal zir-
and others. In this list, the structural phase transitions are ¢fon structure® 4, and the local symmetry of the rare-earth
special and very visible significance for being tightly con-Jahn-Teller ions i®,4. The TmPQ and TRY;_,VO, crys-
nected to the electronic structure and influencing the propettals are the representatives of this class of materials. The
ties of the matter. electronic structure of the T# and T ions is described

Nowadays the most developed microscopic theory ofy two singlets separated by a\2jap, in the middle of
structural transformations is based on the analysis of th#hich there is a non-Kramers doublet. Other energy levels
electron-phonon interaction which in the case of the nonare well separated from this ground group and are not con-
Kramers degeneracy of the electronic subsystem is oftefidered at the low temperatures of interest. This is done
called the cooperative Jahn-Teller effect. The applications opecause at these temperatures only the induced structural
this theory to the modern problems mentioned above is unddihase transitions take place. In this case the higher energy
consideration in numerous recently published articles antevels are practically empty. At the same time, the mixing of
books!~8 It is completely clear that if the Jahn-Teller effect these excited states with the ground quadruplet can be ig-
is really responsible for the structural transition in the systennored because, at the magnetic field under consideration, the
under consideration, the external magnetic field, while influZeeman energy is much smaller than the energy gap between
encing directly only the electronic subsystem, can drasticallhese two groups of levels.
effect the geometry of the distribution of nuclei in spétte The Hamiltonian of the crystal with this electronic basis
crystal lattice in the case of solidsTherefore the magnetic- can be written ds
field influence on structural transitions can be considered as a
positive test for the electron-phonon microscopic mecha-
nism.

The changes in the properties of Jahn-Teller ferroelasti(\jvhere
crystals caused by the external magnetic fields were consid-
ered earlier in many papersee Ref. 9, and references
therein. However in this paper we are analyzing a phenom-
enon of structural phase transition induced by the magnetic- Hel-ph:E Vo 7i(b,+bZ ),
field-stimulated cooperative Jahn-Teller effétt! As con- me
trasted with the previously analyzed systems in the crystals
under consideration no phase transitions take place without cO
magnetic field, so that there are no doubts as to the electron- Hersr=— 9o\ |22 u,>, o,
phonon origin of the phase transitions. Recently such struc- N m
tural phase transitions were observed in the experiments on
giant magnetostrictiod and on Raman scatteririg)Below,
the thgory of.the magnetic—field structural transitions is ana- H h:E th( b'b,+ 1) Hstrzl CoQUi, 2
lyzed in detail by using the TmPCand ThY,_,VO, crys- s " 2 2

H=H eI—ph+ H el-str H ph+ Hstr+ H cryst+ HZeemv (1)
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A oXo=2ic; X7=2i7; [o,7]=0. (4)
Hcryst:_5(1+72)0'x- . S
It is easy to see after the minimization of the crystal energy
upon the spontaneoud strain that the last relation is pro-

H oo™ —9,32 (H, S+ HySry“). portional to the average of tig, electronic operator
m
N
In Hamiltonian(1) the first two terms describe the interaction U,=0o\/ G o, 5

of the electrons with the phonorithe second quantization
operatorsh,,b;) and the homogeneous strdihy, the next  (the spontaneous strai, is the order parameter and has the
two terms are connected with the free phonons and homog@,, symmetry as the structural phase transition is from te-
neously strained crystal elastic energy, and, at last, the lastagonal symmetry to the orthorhomUdix,;, symmetry.

two terms represent the crystal-field splitting of the elec- For further analysis of the Hamiltoniafl) it is con-
tronic states(singlet-doublet-singlet structur@and the Zee- venient to subject it to a unitary shift transformation
man interaction with thela andyllb(=a) components of H=exp(R)H exp(—iR),*>® where

the external magnetic field. It is important that the magnetic-
field orientation at 45° to the crystal axis,

Ving
R=2 gnof', On=iX = of(bi-b). (6
m K w

H,=H,=—Hg]|, After the transformation the crystal Hamiltonian takes the
V2 f
orm

will be under consideration in this paper. The magnetic field .
H, perpendicular to theb plane of the crystal can only H=H. . +H.+H-+H —E VineVie oMo"
suppress the orthorhombic strain in tBg,-symmetry te- elstr? TistrT Tph T T Izeem L hey, 277
tragonal crystal§. At HI[110] or [010] the magnetic field 1
forms the crystal strain oB,4(D4,) symmetry due to the A 14+ 7™M (oM m o

o . - C - in . (7
regular magnetostriction effect, according to symmetry 2 Em: (1+1,)(0y COS Yy—oy sinYp). (7)

group theory. That strain symmetry is the same as the spon-

taneous strain at the induced structural phase transition. In The fifth term of the transformed Hamiltonia(7) de-
other words, at this field orientation the strain exists at anyscribes the virtual phonon exchange of the Ising type respon-
nonzero magnetic field, so that no phase transitions can osible for the effective electron-electron interaction in the
cur. At HII[110], (45° to the crystah-axis orientatiol, the  crystal, the first four terms are unaffected by the transforma-
B2g(D4n) strain cannot be induced as regular magnetostriction as the corresponding operators commute with the shift
tion, and its appearance is the result of the cooperative intepperator(the free-phonon operators describe the same fre-
actions. This is discussed below in greater detail in the disquency phonons with the shifted equilibrium positipriEhe

cussion of magnetostriction. last term of Eq(7) has a complicated forrtthe price for the
The matrices of the electronic operators at a chosen bas&ccurate Hamiltonian transformation of the system under
can be represented as consideratiopand represents the dynamical coupling of the
electron and phonon variables. Separating the electron vari-
1 0 O 0 ables from the phonon variablé¢the k-space area of strong
0 1 o0 0 dynamic interaction is much smaller than the size of the first
%210 o -1 o0 | Brillouin zone for the electronic part of the Hamiltonian one
00 0 -1 obtains
0010 Helz_E Amna';nO'Q—%A'y(l-i-TT)a';n
0 00O mn
5(1-1—72)0)(: 1.0 0 0] (©)) 1
0 00O - M gm
‘/igﬂH% (SF+S)), 8)
0 100 where
1 1 00O
Sx_z (l+o,)7= 0O 0 0 0] V;'anVnK
0000 Amn= > ho oyol+ 950, of 9
K K m
0 0 0O is the effective electron-electron interaction constant where
1 0 0 0 O the contribution of the electron-strain interaction is taken
Sy=§ 1=0adn=| g 0 0 1 into account. It is seen in Eq9) that the interelectronic

00 1 0 interaction in the Jahn-Teller crystals is the result of the vir-

tual phonon exchange and the interaction of the electrons

We note thato and 7 matrices are similar to the Dirac ma- with the homogenous strains. In this case, the effective elec-
trices for the electron, and obey the commutation ffles  tron correlation radius depends on the wavelength of the
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phonons which contribute to the interaction. In the TyPO <1 the molecular field approximation describes the system
and TbVQ crystals, the greatest contribution Ag,, comes quantitatively (see Chap. 3 in Ref. 8, and references therein
from the long-wavelength acoustic phonons and the homo- As the systems under consideration are characterized by
geneous strainginfinitely big wavelengths Therefore the the long-range radius of correlations the molecular field ap-
correlation radius is big, and that is confirmed proximation is good enough for a quantitative analysis of the
experimentally’ On the other hand, it is well known that the properties of the crystals. In this approximation the elec-
molecular field approximation is valid if the crystal lattice tronic order parameter is described by the following equa-
constanta is smaller than the correlation radius At a/r tion:

_ Ad,/\a+ Jb(1+hj/\b)sinh(Va+ Vb/kT) + Acl a— Jb(1—hj/\b)sinh( Va— Vb/kT)

o (10)
‘ coshva+ \b/kT)+ cosiva— Vb/KkT)
where
2 2 2.2 1 2. 4_ 4 1 2 2.2 2 2
a=A20%+ A%+ S ha b=A%y'+ ~ h3(A%+4A%?), ho=gpH. (11)

Taking into account that 2(+ \/b) is the gap between the ground and the excited singlets ame g6) is the splitting of the
doubly degeneratéat H=0) excited state, Eq.10) can be written as

Ac,(1+h3)tanH Va+ Jb/kT) o p, Aoall- h3)tanh Va— b/kT)
Va+ b 2 Va— b ’

0,=F1

(12

where

B coshi va+ \/b/kT)
' cosh\a+ Jb/KT)+coshya— Jb/kT)

is the total population of the singlet states d@Pgl=1— P, is the total population of the doublet components.

If the electronic order parameterfrom Eq.(10) or (12) is not zero the spontaneous straln according to Eq(5) is also
nonzero and the structural phase transition takes place. It is easy to see that in the ldgseHgt=0, Eq. (10) and the
populationP; are given by expressions discussed edrlier

A, (A?a2+ A2y?)sinh(A2o2+ A%k T) + sinh(Ao, /KT)
cost(\AZg2+ AZy?/KT) + cosi{ Ao, /KT)

P (13

0z

: (14)

cosh{y/A2 o2+ AZ)2/KT) struptural transfo_rmation_s and accompanying _these transfor-
(15 mations, anomalies of different crystal properties.

1= > .
cost{\A2o5+A%y?/KT) + cost{Aa, /kT) The microscopic mechanism of the structural phase tran-
sitions under consideration can be understood in the frame-
. . . work of the general theory of the cooperative Jahn-Teller
'Igh? tlrjnscr(?ndenttal equiltlcém)t ﬁttﬂ&/oA\;Val‘SZgnabized N effect. According to that approach the structural phase tran-
€l. 14, where It was snown tha -0 0nly ON€  qiiion is the result of the electron-phonon interaction and of

solution exists atr,= 0. This is the case of the TmR®@rys- : . i )
tal whereA/A=1.33 and no phase transitions take place aﬁ.he corresponding virtual phonon exchange in the coopera

all temperatures. This also holds for different compositions've systems_. Ho_wever,_m_th_e pseud_o-Jahn-TeIIer crystals,
of sufficiently diluted ThY, VO, crystals. However, we where the \_/l_brat|ons mix initially split energy levels, the
have found that in the presence of sufficiently big magneticphase t_ransmon ta_kes place only yvh_en the electron-electron
fields oriented at 45° to the crystal axis, o#0 solutions ~correlations are bigger than the initial energy gap. In the
exist. Moreover, at some values of magnetic fields two struc] MPQ: crystal the virtual phonon exchange interaction,
tural phase transitions take place. The second reentrant phad8ile not zero, is not sufficiently great to overlap the energy
transition corresponds to the return of the crystal from thedap (A=22.5cm !, A=30cm %) and as a result there are
orthorhombic phase to the higher-symmetry tetragonal phase0 phase transitions. But if the external magnetic fiid
with the lowering temperature. =H, is not zero, the phase transitions can be induced if the
The calculations of the crystal phase diagrams deperfield value is greater than some critical value. This can be
dence upon the external magnetic fields were done in Refnterpreted in the following way. The exterridlfield affects
18. Here we will focus mostly on the physics of the inducedthe system in two ways: it changes the energy gaps between
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FIG. 1. The order parameter, dynamic magnetostriction, magne; . -
L . - . function of temperature for parametefts=30, A=22.5, andh
tization, and magnetic susceptibility as a function of temperature for

parametersh =30, A= 22.5, andh=17.7. All units are in cm® =17.7. All units are in cm?. The parametera andA correspond
The parameterd andA correspond to TmP to TmPQ,

the electronic states and it changes the electronic wave fun@nd their numerical solutions are represented in Figs. 1-8. It
tions mixing each of the singlet components with one of thecan be seen that depending upon Mfé ratio, temperature,
doublet components. This can be easily seen from the stru@nd magnetic field, one, two, or no structural phase transi-
ture of the electronic operators of the magnetic momentéons are found. In some cases thg# 0 solution for some
M,=gBS, andM,=gpS, . Calculations show that the mix- temperatures appears only Hp+0. This corresponds to
ing of the wave functions is very important for the effective- field-induced transitions. The two transitions correspond to
ness of the electron-electron interaction. the reentrance of the crystal from a low-symmetry to a high-
It is worthy of note that such magnetic-field influence onSymmetry phase as the temperature of the system is lowered.
systems with structural phase transitions is quite unusual. I&uch a possibility for diluted T ; ,VO, crystals was dis-
all previously analyzed systems under the external magnetieussed earliet! We show here that the reentrant phase tran-
field, the field could only reduce the phase transitions omsitions can also be induced by the external magnetic fields.
smear out them. Which effect actually took place dependeffor analysis of the magnetic-field influence on the order pa-
upon the symmetry properties of the solids, on the magnetitameter let us consider the order parameter equation at
fields, and upon the commutation rules of the operators of =0. As it follows from Eqgs(13) and(14), at zero tempera-
the electron-phonon and Zeeman interactions. The magnetit¢dre P;=1, P,=0 and
field-induced structural transitions are connected with a new
situation that will be discussed in the section dealing with the _
magnetoacoustic properties. —__ Ao,

A A
* Ja+ b

h2
+ —O) . (16)
Vb
ORDER PARAMETER
The order parameter is described by Eq€12) and (14) From this equation it is easy to find the critical magnetic-
which are valid at all temperatures and all values of the magtield value at which the structural phase transition takes place

netic fields. These equations are transcendental equatio§T=0- FOrho i we find the equation
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FIG. 2. The order parameter, dynamic magnetostriction, magne- FIG. 4. The order parameter and the modulus of elasticity as a
tization, and magnetic susceptibility as a function of the magnetidunction of the magnetic field for parameteks= 30, A=22.5, and
field h, for parameterda =30,A=22.5, andT=8.7. Allunitsarein  T=8.7. All units are in cm*. The parametera andA correspond
cm™L. The parameterd andA correspond to TmP to TmPQ.
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From Eq.(17) it is seen that ah 4= 0 the structural phase
transition is possible only iA=A+. However if the mag-
netic field is present the solutions of E3.7) exist even for
A+y>A as is shown in Figs. 1-8. In patrt, it follows from Eq.
(17) that at hy—oo the solution of Eqg.(17) exists if A
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tization, and magnetic susceptibility as a function of temperature for_ 1 44, All units are in cm®. The parametera andA correspond
to Th Y, VO,

magnetic-field orientation. The square of the magnetic-field
symmetry representation contains the symmetry representa-
tion of the strain that causes the coefficient of proportionality
between the strain and the magnetic field square to be non-
zero. However this is not the case in the phenomenon of the
induced structural phase transitions. For crystals with zircon
structure the square of the representation of the magnetic
field oriented at 45° to the crystal axis (A;4+ B4 repre-
sentations does not contain th@®,4,-symmetry representa-

=1/2Ay. The meaning of this result is that while the mag- tion of the spontaneous strain. As it is seen from Figs. 1-8
netic field makes possible the structural phase transition evetie strain does not depend upon the magnetic field remaining
at Ay>A, nevertheless the crystal field splitting cannot bezero if Ho<H;, and even at the bigger fields, when the

bigger than double the molecular Jahn-Teller field. If it is, Strain is induced, the dependence upon the magnetic field is

the phase transition does not take place at any magnetic fielot quadratic. Moreover, the regular magnetostriction upon
the field dependence is characterized by the presence of a

knee before the striction saturation starts. As it can be seen
from our calculations no knees are present at the induced

It is well known that magnetostriction is the phenomenonstructural phase transition phenomenon.
of inducing or changing the strain of a sample by means of Other much more drastic changes of the magnetostriction
an external magnetic field. In that sense the induced struainder consideration in comparison with the regular one are
tural phase transition is a magnetostriction effect. Howeverconnected with the dynamic magnetostriction. Figures 1, 2,
it is a very unusual magnetostriction. As a rule the magneto5, and 6 show a strong maximum near the structural phase
striction is quadratic in magnetic fields when they are smalltransition. From the first point of view this result is not as
This is a direct result of the symmetry of the strain and of thesurprising as earlier, the giant dynamic magnetostriction in
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tization, and magnetic susceptibility as a function of the magnetidunction of the magnetic fieltd, for parameterd =9, A=8.65, and
T=1.53. All units are in cm'. The parametera andA correspond

to Th,Y;_ VO,

field h, for parameterda =9, A=8.65, andl' = 1.53. All units are in
cm™L. The parameterd andA correspond to TpY;_,VO,.
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the paramagnetic ferroelastics was predicted theoreticallgf the transition takes place and that is why the peak of the
and observed experimentally. However, in comparison evedynamic magnetostriction is narrower.

with the giant dynamic magnetostriction of the cooperative

Jahn-Teller crystals, the magnetostriction under consider- MAGNETIC PROPERTIES

ation is qualitatively different. The dependence of the width  \1agnetic properties of the Jahn-Teller crystals with struc-
of the peak of the dynamic striction upon the field depenyyra| phase transitions are very specific. It is reasonable to
dence is Very narrow, much narrower than in the earlier d|Sexpect for these properties some Speciﬁc anoma”es con-
cussed situations. For example, in the same TMBA  nected with the induced phase transitions.

Thb,Y,_,VO, crystals under external magnetic fid¢dda, the In the framework of the developed approach the magnetic
discussed peak is broadened as a result of the smearing awomentM parallel to theH, field is proportional to the

of the structural phase transitions when they exist without theaverage of the electronic operat8s which is described by
field. But at the 45° orientation of the field no smearing outthe formula

[1+(4AZ0%+ A%y?)/2\b]/\a+ b sinh(v/a+ Vb/kT) + (1—4AZg2/2\/b)/\Ja— \b sinh(ra— Vb/KkT)
cosh{va+ b/kT) + cosh va— Vb/kT) '

1
=5 ho

(18

wherea and b were given in Eq.(11). Before we start to [C(T=T.)=0]. At the structural transitions from tetragonal
discuss the results of numerical calculations at different temto orthorhombic phase, induced by the magnetic field, the
peratures and magnetic fields let us consider the less comploft modulus of elasticity iSC=Cgg. This modulus deter-

cated case of =0. The simplified formula foiS, takes the ~mines the velocity of the transverse mode propagating along

form the [100] direction with the polarization vector parallel to
[010] direction. As it is known from the cooperative Jahn-

— ho 4AZE§+ AZy? Teller effect theory, the measurements of the the temperature

So= 1+ (19  and field dependences provide a lot of information about the

2\/a+ Vb 2\b system under investigation and in part allow the determina-

From this formula it can be seen that the presence of théon of the electron-strain interaction constant. The last is
electron-electron correlationg\& 0) caused by virtual pho- €SPecially important as this interaction is the main contribu-
non exchange leads to an additional nonlinear dependence B¢n to the electron-electron interaction responsible for the
the magnetic moment upon the field becausés a compli- ~ Phase transition in the TmR@nd TRY,_,VO, crystals.

cated function upoi. As a consequence of that, an anoma- The modulus of elasticity can be calculated if in Hamil-
lous “knee” appears in thél (H) dependence. It is easy to tonian(2) the applied uniaxial stred3 of Byg(D4p) symme-
see that ifA=0 the regular saturation of a magnetic momentl"Y is included. The corresponding term of the Hamiltonian is

of a paramagnetic material under high fields takes place. In

this situation of no structural phase transitions, the magnetic Ho= — 90 PE m (21)
moment is described by PJCON F
— ho(1+ Ayl A2y?+2h)) The equation for the order parameter has the same form, with

(200 the only difference being that allo, are replaced with

222+ (A29212)(1+ 1+ 2h2/A%52) |

from which we obtain the result that at very big magnetic — 9oP

. . . + .

fields (hy>A)S,—v2/2. As is seen from Figs. 1, 2, 5, and 6 A, VCoON

the anomaly connected with the structural phase transition is

quite small and could be more eas“y observed at the mea-[aking into account that the modulus of elasticity is defined
surements of the magnetic susceptibility that was calculate@S

from Eq.(18). As it is shown in Figs. 1, 2, 5, and 6, a small

but sharp jump aT =T, andHy=H,;; appears. Ccl= ﬂ (22)
Pl
ELASTIC PROPERTIES
and
The elastic susceptibility is the reaction function con-
nected with the order parameter at the structural phase tran- N
sitions. Since the field-induced structural transitions under U=9go c,0 7% (23

consideration are of ferroelastic type the elastic susceptibility
is expected to diverge a=T, and H=H;. The corre- the formula forC=C(H,T) can be determined. For simplic-
sponding modulus of elasticit§ is supposed to go to zero ity the formula forT=0 only will be shown



C (1—-A/\a++b)F,

— = , 24
Co [1-(A—gd)/Va+b]F, (24
where
h2 a+b ha
Fo=1+ ——o2 1— \b ° (25)

Jb Vb3 (1+h3/\b)?|’

The results of the calculations of the temperature and thef
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take place the modulus of elasticity becomes zero, twice re-
maining small enough but not zero Bt <T<T,,.

CONCLUSIONS

In the framework of the cooperative Jahn-Teller effect the
microscopic theory of the magnetic-field-induced structural
phase transitions is developed. The coupling between mac-
roscopic and microscopic parameters is found. The experi-
ments on giant magnetostrictitfrand on Raman scattering
light confirm the theoretical prediction of the

magnetic-field dependences for the modulus of elasticity arehenomenori® Different magnetic, magnetoacoustic, and

shown in Figs. 3, 4, 7, and 8. The modulus of elasticity dipselastic properties are investigated and a series of anomalies
to zero at the critical temperatures and critical values of theonnected to the phase transition are predicted. These results
external magnetic field. If the reentrant phase transitiongre waiting for further experimental verification.
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