
BNL-47128

C__1fe.rsl_ce, P_Qc_edi_1_s_ BNL,-- 4 71 28

L_l_,i=e Effects, im High, Tc Su!pe_ca_mdu_c_ors
DE 92:010045,

Sam_ Fe, N. M., Jmnua_ _li3-1_5, 1!99,2

Lanai!ce I!mstab_;i;ties and Structu,ral': Phase Transformations

in 1La2C,u04 Superconductors and, In,sulators.

J. D, Axe _:

Brookhavem Nationai_ Laboratory :::,-

Uiptort,_ N.Y. 1!1973 _
.... =

t'.;L)

,L C_

t"LJ

Abstract.
SOft,mode,structural:phase transformations,commonin many

pemvst(ite.basedmaterials,are also foundin,La2CuO_,and structurally
related oxides. ]the resultingphasebehavioris rather,complex,butis a
natural_c_nseciuenceof_thedegeneracyof;thesoftphononorder
par.ameters.This paper,reviewstt_estructural_and lattice.dynamical
results and their interpretationbased uponmean-fieldstatistical
mechanical,modelS.

1. Introduction. Fol'lowi:ng the discove_ o_ mu,l_ipte

struc_ur,ali phase transformations in Ba-doped La2Cu04, there has
been considerable study and interest in, t_hese tra,nsformations per se
and, with reference to their inf,!uence on superconductivi_ in copper

oxide systems. This paper will, review t_he structural aspects of
these studies with emphasis on a simple bu,t reasonably satisfactory

phenomenatOgical! interpretation based on phonon, instabilities a,nd
the interplay of degenerate order parameters, This provides am
impo_amt foundation for the subsequent understanding of the
electricall and magnetic poperies of these materials, which are

topics of subsequent papers in, these proceedings.

" 2. Soft Phonon= Modes. La2CuO4 has a well known high

: temperature tet_ag_nai (H'FT, space-group l_/mmm)' perovskite-I;ike
structu'_e, but transforms upon cooling to a less symmetric low
tempera,l_ure orthorhombic ILTO,,space-gimup Bmab)s_ructu.re.
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Fig. 2. Schematic represental:ien, of the tilit axes and oxygen a{orn
displacements of cepper-oxygen_ octatn:ed'ra_in La2Cu04. Adjacent
ectahedra in the ab-plane are ceupted through shared csrner oxygen
atoms.
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Sho_ly a_fter_he discovePj o_ supercondUctivi_ in, these
matteria_l!s_l,]i,t_h;ana,tu're of. l_he H_-,LTO phase tira'nsfo_rmatien_was
studied by inelastic neu{ron_scattering _21i. I_ showed that _he
transformation fol_lowed classical soft,mode behavio'r i_nvol:vi!ng
zone boundary phonons. A summary of phonon dispersion

' measur,emen= _in the H_ phase _re shown_in,Fig. 1. There are _o
degenerate unstabte modes wi_th_the wave-vectors q1;=[li/2,1;/2,0]
and q2-,C1!/2,-li/2,0_]. Thz, displacements associated wi_h the modes
cor_sistprincipally of ft[ring of cu06 octahedra about axes
perpendicular to, Cll and;q2, as shown, in Fig. 2.

3. Landau Theory. Let Oi _nd;Q2 represent the amplitude of the
displacements associated wi_h_the qzl_and q2 phonons, respectively.
To provide a systematic way of analyzing the possible consequences
of such a phonon; instabili_, Axe,=et aiL[3] cons_uc{ed a Landau-
Gi_nzburg!free energy function by considering symmet_-invariant
combina_ions of lJhe degeneral!e prima_ order pa;ra.meters, together
wi_h a seconda_ order parameter, 11, representing the ol_ho,rhombic
straiin (a-b)¢(a+.b)::

F: 1,/2a(T-Te,)i(Q.12+Q22).u(Q12+Q22)2+v(Q'l.4+Q24).+....
+1:J2c_2+d;(Q:12'Q22)_+... (1')'

The first line of Eq. 1: is familiar as the Landau r.epresenCationof the
XY-modei;, but with addi;tional qua_ic anisol!ropy (v_=O,)_.At To_both
the Qt and Q2 modes become unstable. The,=nature of ',:hestable
solutions as T approaches To from below as summarized: i,n Fig,. 3,
are determined by competition between the higher order
(anharmonic) terms in the Landau potential., if u>O, second o_der
transformations are possible to two different phases, depending
upon whether v is positive or negative. If v<O, only Q:I:or Q2 (bu¢ not
both',):is non-zero. The translational symmetry of either of these
two. possible (twin-related)structures is reduced _rom HTT, giving
rrise to new T-dependent supe_ta_ice rreflections. The second li,no in
Eq. 1 reflects the elastic strain energy and: the coupling, of the strain
to the primary order parameters. Because of t_heQ2_ coupling, this
phase is accompanied by an orlhorh'ombic strain, q~Q2, as is
observed: in the: LTO phase of La2Cu04[21. Clearly _he HTT-LTO
transf.ocmation is to be associated wif;h this solution,. If v>O, both
Q_ and Q2 would condense wi_h equal_amplitude, but as there is no
resu;ltant couptling, to the macroscopic strain, the structu,re wou,ld
remain tetragonal:.
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Fig. 4. Strucliurai_phase: diagram for La2.xBaxCu04, showing the
stabii_ityrange e_fthe LTT phase. The do_ed curve is from Ref. 4.
The open circles are deter miined by t_hermalmeasuremenCs. [Ku,magai,
et al., J. Phys. Sec. Japan,, 60, li4_8 (1991)].
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4. The LowTemper.ature Tetragonal! Modification. I!nan_x-
r,ay study Axe, et al.[ ]ifound that over a narrow range, oRdopiing
La2.xBaxCuO'4 not only showed the expected H_-LTO
transformation,, but changed abruptly to a,.low temperature
tetragonal (LTT)_modi'_ica,tionupon _u_her cool'ing, as shown in Fig.
4. A subsequen¢ neutron powder di:fir.actionstu_ revealed the
persistence of super,la_ice ref,lections in the LTT phase,, ru,liing ou,t
the possibiili_ that LTO had simply reverted' to HTT, and the
resu,i_tingdi_racti"on pa_em could be sal_isfactoriilYexpta_iined,on the
bas,i!so,f a P42,t"tn'cm s_ru'ctu_re:{ 3,4;]i-

An_examina.tion_of the relevant displacements shows rh,at the
(P42/ncm) LTT structur,e represents the second s_bte solution of
the _ndau potential,discussed above,, lt _n be viewed as a coherent
su',pelrpO$i_JoR of two twhrl,relta, ted (!QI=O and Q2=O,)LTO strucl;u:res,
The lack o,f su,bstantiai changes iin, ei_her the prima_ryor al!l!owed
su,perl_a_i.ceiin,temsi_iesupon crossiing t,he LTO-LTT ph,ase bou,nd:ar,y
i_ndi!cates_ha.tQlt2+Q22 does no_ change appreciably i,n passi_ngfro,m
LTO to LT'F, yet _ does vanish, abruptly. The L_ modification,,
_l_houg_honly subtly d.i_erent f,rom the LTO (or for that matter _he
HTT) phase,_has a much reduced, superconducting TcC5,],which has
motivated substa-nti._l;_u,_her (and: o.ngoiincj.)i:n,terestin the natu,re of.
these phases.

5,. The LTO-LTT Phase Transformation. The rel_a.tive stabiil_i,ty
o,f LTO vs. L_ ph.ases is determined! by the posi_ivi_ of v. A.l_ho..ugh,
v<O when T is. near To_,v will' i,n general' vary with temperat,u're. We
need: to investigate, the behavior of Eq.1 in _he neighborhood of l_he
temper.atu,re where the qua_ic anisotropy, v(T), ch'._ng.esal_gebraic
sign,. However Eq. li is i_nadequa_eas iit stands since it omits h_igher
order anisotropy _erms which become _ele.va_n,tif v(T).->O. This leads
us to study the following free-energy function:

F=l,/2a(.Q12+Q22)+u,(Q12+Q22)2+v(.Ql_+Q24)+w(,Q'lS+Q28). (2)

[Two comments, a). Other low order inv_riants are either isotropic
or, as e.g. (Q12.Q:22),(Q14+Q:24), .can.be absorbed into the _emperatu,re
dependence of v(T). (Q18+Q28) is the leading order term iso.t_opy
breaking ter.m when v(T).->O., b). Wi;thout loss of generaiii_, we may
_ake d=O. The, principal effect of t,he coupli'ng to _he strain is to
renorrnal!ize _he amsotropy constants, e.g.. v'=v-d2:/"c.],
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Fig. 5. Phase di_ag!ra,m, iin the vi'ci_mty of the bic.ri_i:cali _oi_n¢, f.e,rmed
, _ Io,

by 1_hebi_u,rca_ion o_ a _i}rstorder phase boundary (,dashed! I,mel iin_o
'two second order bou_ndariies (iso,_tid' I_i!nes), prod;uciing an, iin,termedli,ate

LTLO phase.
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Fig. 6. Schemal_ic represen_at:ion of _he t,emperatu,re dependence of,
l_he so_ modes in _he LTT, LTO and LT phases. The behavior near T1
iis shown iin, more detai,l in Fig. 7.
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lit is. conven_i!en¢to iin,trod:ucea pol_a__represen.,ta_i0n,,QI_= Qcose
and Q_=Qs:iinQ,.so _hat Eq. 2 becomes

F(Q,,e,)=f(iQ)+_(T)cos4e+_cosSe, (3)

where cx(T),=1_/'4vQ4+7/'16wQ8and _=1_[64wQ8,and! we are interested
iin l_hebehavior of F(Q,e)in t_hevicini_ o1_(T)_~.(T-T1;). Boca,use
takiing Iii;nearcombinations o_ Q1;and'.Q2 have the effect of mtati,ng
l_he_iit_axis of _he.CuOs.octahedra,, l_he most ph.ysica,l,. i_n_t_rpr.etatio,n
o,f e is as the orientation of the _iil_axis in the a-b plane, e=,O,(mod

_/2'.),represent LTO-tiike displacements, while e=._/4 (rood _/_2)_
represent LTT-I(ike displacemen,ts.

6. The. LTLO Phase and Bi¢ritical;iW. By minimizi_ngF(Q,e,)

with respect 1_oe.;we, determiine_t_heliinea,r combiination o,f (Qli,Q2)
f,avo,red by _h;ecompe_i_ti_on;between 4t,h and 8rh order, a,mso_ropy..
The allgebr.,aicsi:g:n,of, _ makes a qu;a.iiiit,a_t_i,vedifference in _h_ena_u_re
of the sollu_ions,as may be seen by considering (z(T)=0,. tlhe. s:i;tu,af,,i;on
jiust at T=Tli.. For _<0, Ect. 3 hlaSmin,ima for e=O (meal =/'4), showiing
l_hatLTO and' L_ are degenerate at Tr; and l_ha_a first order
tran_sformatironhet_vveen_h_e_o occu,rs at that _emperatu,re as _z(T),

passes l!h_rouGh_zero. By con,trast, when c¢(,T),=0and _'>0, Eq. 3 is
mmiimized for e==/"8 (modi =/4),, n_ei_l_herLTO or L_. lt is rather a
predicted new structure obtaiined by a coherent s_,perposi,_io,nof HTT
and LTO phases.

The phase diagram resu,l_i_ngform the minimization o# Eq. 3 iis
shown.,iin Fig. 5._6:] I;f13>0,_he L_-LTO phase boundary is sptlit by _he
_ppearance of this new phase, in_ermedi,a_ealso, in t,he se,nsc t';_at i,t
iin,t.e:rpo,latessmoothly bet_een e=0. (ILTO) and 8==t4 (LTT)as a
function of (z.(T),. The o_horhombic strain, al_thouglhsma,l!ler _,han for
LTQ is stiili present, since (Q1;2-Q!22)_3,. For convenience,, we calil
_h;isthe low temperature less orthorhombic (LTLO)phase. The space
group for t_heLTLO structu,re is, Pccn, which is a subgroup of bo_h
Bmab and P42#ncm (and thus necessarily a subgroup of 14/mmm..)
However neiYher Bmab or P42/'ncm are subgroups of the other. We
shaitl see that bo_h the LTO,LTLO and LTLO-LTT transformatio,ns can,
and in this model' are predicted to be, continuous. They joiin t;he f,i{rst
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order LTO_L_ phase L_ou_nda_at a sin!gu,tariity known iin _he
lle,rr_n!ol'ogy of, criitical!phenomena as a bicritic_J/ point.• !

. _Comment, For intercomparison of the four phaises it is heipfu,l' 1_o

use a non-standard face-centered (F41mmm)H'IS" u_nitcell
con_aining_four formula units (z=4)rather than the conventional;
(z=2) body centered cell. with this choice all: structurreshave
approximately the same unit cell size '(a_--b-5.4A, _t3.2A). In J:he
base.centered LTO cell two of the. tt_/reeface.-aent_r equivalences
are IOst, and iinboth the LTLO and LTT phases I:_11face-cen,ter
equivalences are lost. Consequently, an LTO all,faction pattern
differs from L_ or LTLO by systematic missin_:ireflections. The
only qualitative difference, between LTT and' LTILO is thei

orthorhombic strai_n,]_ I

Based upon the abrupt disappearanceof TI,,the LTO-LTT
l_rans_ormationi_nLa2.xBaxCu04 wou'_'d!appear I:o be di,scon_iin_uou,s.
i=n,agreemen_ wi,th these predictionts. However, recen¢ wo,rk by
Craw_o,rd;,et. ai. demonstrates _h,at_he L.a2Cu,O4 system can, be'
n,udged close to bicri¢icalii;ty[7]i. These au_ho,rs have shown, that
pa_ial repl'acemen¢ of La with heavier rare earths (e.g. Nd or Gd)
provides an additional variabl'e wiith, whLichto tune these I'ow
temperatu,re transfor,mations. For example,. La1.6N!d,o.4Cu,O4, an,
i,nsu_l'ator,u_ndergoesl_he transformation sequence HTT->LTO->LTLO
w_th decreasi_ng ternperature. Add,ing, stron,tium causes
La_.6_xNd¢;.4SrxCuO4(×=0-1_2I' to augmen,t_he sequence, HTT'>LT©
->LTLO->L_. By x=0.1_8the LTLO phase has been squeezed oust,and
l_hesequence is H_->LTO->LTT, as observed' in La2.×tSa×CuO4. _Th..e
Sr concentrati'on for bicri_ical!i_yis x_--0.15.1 The experi_men,tal;liy
determined phase diiagram is qualitatively simi,lar to Fig. 4, wi,th
¢(T) replaced by T_-T and _ by (x-O.1i5). For x'_>0..075, ali o_ these
materials are metalilic superconductors[7].

7. Soft Mode Dynamics. The so_ mode associated wi:th the HTT
i_nstabili_ has al_readybeen discussed. Below To, the degeneracy of
t:heQ_- and Q2-mode5 is removed by _he LTO distorlions. As shown
schematically in Fig., 6, there is an upper b_anch involving
f.luctuations in the condensed (say Q1)-mode, and a Iiower branch
i_nvotvi!ngthe u,ncondensed (:.sayQ2)-mode. More generally, the upper
branch iirwotves fl_uctuations in the amplitude of the tiil_sof _he
CuO6 octahedra, wh_ile the lower one i_nvolves fluctuation i_nthe
d_rection of the tilt axis. The LTO-LTT transformation i_nvolves an

.Ii
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iinstabiili,ty iin t,he ti_,l;td:irection and a. re-soffeniing of the llower
branch. AlYhoug'.hsi;ng,t'e crystals of La2.xBaxCuO4 sui_abl!e f,or
inelastic neutron; scattering have not been, produced, neutron and
Raman scattering measurements on isomorphous La2NiO4 [8] and
Pr2NiO4 [9], which also exhibit LTT phases at low temperature, show
the expected re-so,ehi, rig. II is worth noting that the cri¢ical
fluctuations in the HT'r phase are governed by the harmonic terms i;n
Eq. 1, fluctuations in the low temperature phases are governed by
the, anharmonic terms. Analyzing the dynamical response of Eq, 1_,,
Th_urston, et aL[l_0] showed that e}22 --v(T), and! estimated the
temperature dependence of v(T)_from, measu,red phonon frequencies..

A more complete discussion of the soft mode dynamics iin l_he
vicini_ of the bicri:tical point can be obtained by an analysis of Eq.
3. The square of the soft mode frequency is inversely proportional
to. 7;, the susceptibilii_ for fluctuations in the tilt diirection, where
7,:l=a,2F;a62~co2. It can: be shown that nea,r the firsl_order LTO,L_
phase boundary (_:0),

ZLT O" 1= -1 6c¢-64_;
ZLTT1_= +16a-64i_,

whereas, when 13>0, ,,

.'Y.LTO"1= -16_-64_;;

X.LrT 1,= +1:6(z-64_,;

ZLT.LO.-I= 64_ _1_-(_/4_,)i2],

over the appropriate range of stabilli_y. These results are
summarized in Fig. 7. While the LTO and LTT susceDtibilities have
the famit;iar mean field Cu,rie-l_ike behavior,. _LTLO "1 shows an
unusual parabolic temperature dependence. The LTLO soft mode
should be. Raman active, but with an intensi_ that vanishes at the
LTLO-LTO phase boundary, lt will be i:nteresting to see wh,c'"_r
experiments will' be adequately described by these mean-fieic
predictions.

8,. A Statistical Order-Disorder Model. Whi4e Landau theory
provides a satisiactory phenomen,ol_ogicalpicture of how degenerate
so_ modes bring about the LTO-LTT transformation (with o,r without
i_nterven,iing LTLO), i_ provides no iinsigh,t i_ntothe temperatu,re
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Fig. 7. Behavior o,f the so_ mode i+nverse su,scep_i_b_i,ty
(.p,repo,r_i_o,_,a,!!_o m+ode-_requ_ency-squared)near _he bicd_iicali po, in_t.
The dashed' I<iin,e i+sftor tii_rs.t,o,rder LTO+LTT bou,nd:ary. The sol/id lSi_n,es
are. for th,e co,n_ti,nlu:o,u,s L.TO-LTLO-LTT case.
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dependences of the model parameters, a and v, which are essential
for the lransformatiorfs, This led Crawford, et al.[8] to discuss a
rudimentary model capable of more detailed statistical mechanical
analysis. Suppose states 1 and 3 represent fixed amplitude LTT-fike
tilts in the positive and negative sense about one axis, states 2 and
4 represent similar tilts about an orthogonal axis in the ab-plane,
and ni (i=1,4) represent their statistical occupancies. These states
provide a minimal representation for constructing a Hamiltonian
with the requisite tetragonal permutation symmetry of the HTT
phase. A combination of quadratic anrJ bi-quadratic exchange Ieads
to a mean field free energy expression of the form

F = J[(nl-n3)2+(n2-n14)2] + K[(n1-n3)4+(n2-n4)4] + kTniT--,tnni. (6)

The phase stability relations are summarized in Fig. 8. For
K=0 (no biquadratic exchange) and J<O, there is a single continuous
transformation from a completely disordered (ali ni=l,.'4)HTT-like
state _o an ordered LT-l'-_ike phase with, for example., nl_=n3=0,
n_2=n,4=_/2(1-nl-n3),. With K>0 and 1/3<-(K/J)<4/7, a second LTO-l!ike
ordered phase with, for example, ni=n2, n3=n4=1/2(l-2nl), is s:table=
at intermediate temperatures between the HTr- and LTT-like
phases. Near the lower stability tine, K=-I,/3J, TI_ approaches To,
and Eq. 6 can be expanded about the H'iT" solution. Comparing the
resulting expression with Eq. 1 gives the folilowing estimates for
the critical temperatures near the lower stabil*ity Iiin,e:

kTo=-J, and kTI,=3K (as TI->To),
+

Near the lower stabi,tity line, K=-4/7J, T1->0 and the transformation
is between essentiaUy fully ordered HTT- and HTO-phases which (in
this model) have zero point entropies of zero and In2, respectively.
In this I:imit, an estimate for T1 is obtained by equating In2 kT1 with
the difference in ground state energies:

In2 kT1=-1/2J-7/8K (as TI->0).

The primitive nature of this Potts representation is i:ts strength and
weakn,Jss, lt is certainty not a realistic model for the La2CuO4
system tfor example, it exhibits diffusive rather that soft mode
dynamics), but it does clearly demonstrate the powerful role of
entropy in stabilizing new phases in systems with degenerate order
pa ramete rs.
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9. Spin-Orbit induced Electron-Phonon Coupling. Undoped
La2CuO4 is a near-perfect example of a quasi-two-dimensional
Heisenberg antiferromagnet (AF). Magnetic anisotropy, although
several orders of magnitude smaller that the dominant in-plane

isotropic near-neighbor exchange, ultimately determines the
direction along which the ground state moments tie The in,plane

anisotropy results f_rom the Dzyaloshinskii-Moriya (DM) interaction,

HDM=_Dii.(SixSj).

The coupling vector Dij is due to virtual excitations of higher energy
Cu +2 crystal field levels through spin-orbit coupling. The crystal
field levels are, in turn, very sensitive to breaking of the local
tetragonal; symmetry of the Cu +2 site. lt can be shown[li] that Oij
is proportional to e, the rotation vector specifying the tilt of the
Cu-O octahedra. HDM is minimized when the spins lie in a plane

perpendicular to D ii. Thus LTO-LTT structural rearrangements can
be expected to cause _arge reorientations in the directions of
cuprate moments. This prediction has not been experimentally
verified in the insulating cuprates, although it couidl in principle, be
tested in the La2.xNd×CuO4 system discussed earlier.

The metal'lic cuprates do not support long-range AF order, but

appreciable short-range AF order persists[12]. Thio, et ai., have
discussed interptanar magneto-conductive changes induced by spin
reorientations caused by LTO-LTT transformations, with possible
relevence to superconductivity. More recently 6onesteel et aA.[13]
have considered the effect of spin-orbit induced DM-like
interactions on the spins of mobile ho_es in the cuprates away from
half-filled bands. They find a novel electron-phonon coupling with
the soft 'tilting' modes which is produced by a rotation of the spin of
the ho_es upon hopping from site i to j. Since the rms fluctuations
in the tilt angles is iarge due to the high low-energy density-of-

phonon-states, they suggest that this mechanism could be a primary
cause of electron scattering in these materials, and suggest that it

might explain their observed linear electrical resistivity at
temperatures high enough that the phonons are thermally saturated.

10. Conclusion" it is the intent of this review to illustrate that
there exists a considerable understanding of the structural phase
transformations in La2CuO4 from a lattice dynamical and statistical
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mecha.nicail point of, view: The treatment given_I_ere is ve_ general;,
applying not only' to'_cuprates, but to, all! structu_ali isomo_hs which
display similar behavior. Several' effo_ts to provide cuprate-

..specific microscopic underpinning_for these phenomenological;
considerations, have met with_some. notable success; pa_icul_rly
ca_¢erni'ng ground'-state,, pro:lo:e_ies,[l',4i]!

Other speakers, at this conference will! discuss the influence, of
tl_e ETO-H_ transformation on the normal and supemonductir_g
,_t_c:teelecttonic and magnetic pmpe_ies,, lt is wor_h_emphasizing
':hat extensive work involving replacement of lanthanum, with iso-
and heterov.a.Jentcations_7,1i5]i,show that although the onset af
superconductivity is, inl":ibited by the ;L_ transformation_ per se,,_4,5]
a further reduction, in the superconducting Tc is associated with a
hale to copper ratio of ~1/8. Both of these, phenomena appear to be
remarkable and worthy of further study and understanding.
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