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Staggered magnetization and realization of Jahn-Teller-like effects
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A realization for the cooperative Jahn-Teller-like effect in low-dimensional quantum critical systems is
proposed. We show that at low temperatures these systems are unstable with respect to the spontaneous
appearance of alternating effectigefactors, which also pertain to nonzero alternating distortions of ligands,
surrounding magnetic ions. The effect is magnetic field-induced. The proposed effect is discussed in connec-
tion with recent experiments on effectively low-dimensional electron systems.

During the past years interest in electron systems witliernal magnetic field. However in an external field, the low-
strong interactions between charge, spin and orbital degreégsmperature specific heat of some of these systems reveals
of freedom of the electrons, on the one hand, and the elastibhe emergence of a spin gégoverned by an external mag-
subsystem of a crystal, on the other hand, has grown considetic field.}**>! To explain that gapped behavior it was
erably. Recent important manifestations of such cooperativaecessary to consider a 1D spin subsystem with staggered
effects include the colossal magnetoresistance oéffectiveg factors®®1’ Low temperature low field electron
manganites, spin-Peierls and charge ordering behaviors inspin paramagnetic resonan@&SR measurements in copper
nonorganic systenfs,non-Fermi-liquid behavior of some benzoaté and some rare-earth molibdate’ revealed two
heavy fermion compoundsand unconventional supercon- inequivalent magnetic centers, while higher-field ESR treat-
ductivity, e.g., in ruthenates and organic slRrobably the ments manifested a single magnetic cefifé@ptical (Raman
oldest known quantum manifestation of such a connection iand infraredl measurement8revealed an anomalous behav-
the Jahn-Teller effect.There the degeneracy of orbital de- ior of some lattice modes, and ultrasonic measurements also
grees of freedom of a molecule is lifted due to the distortionreported anomalies in the behavior of sound velocities for
of the latter. ThecooperativeJahn-Teller effec{which re-  some phonon modes in such crysté! In this work we
veals itself as a structural phase transitieavas observed propose a new mechanism for the possible explanation of the
later in a number of compoundsin fact the spin-Peierls observed anomalous behavior of spin, orbital, and elastic
transition can also be considered as belonging to the class sfibsystems of this group of magnetic low-dimensional sys-
Jahn-Teller-like transitions, in the sense that the degeneradgms. Namely, we point out that the dimerization of effective
of an electron(spin, not orbital subsystem of a one- g factors in a quantum antiferromagnetic spin chain can be
dimensional1D) spin chain is removed due to the coupling caused by the interaction of the spin and orbital subsystems
to the longitudinal phonon of a 3D lattice. In this case thewith an elastic subsystem. This has to be followed by a dis-
gap is open for the low-lying spin excitation, while the cor- tortion of the local surrounding of magnetic ions. The effect
responding phonon mode possesses softenif@hn  can be called “Jahn-Teller-like,” because the degeneracy of
anomaly. the orbital degrees of freedom of magnetic ions is changed

Some magnetic compounds with a strong coupling bedue to distortions in the elastic subsystem. Note, though, that
tween the spin, orbital and elastic subsystems exhibit a parave will discuss mostly the magnetic manifestation of the
magnetic spin behavior with two inequivalent magnetic cen-effect.
ters at low temperatureéThe temperature is higher, though, It is well known that the values of effectivg factors in
than that of the phase transition to a magnetically ordered 3[paramagnets become different than 2 because of the effect of
state. The latter has often not been obseédl.For higher  the (crystalling electric field of nonmagnetic ligands,
temperatures the inequivalence between two magnetic cethrough the spin-orbit interaction. Suppose that the configu-
ters smears out. Two inequivalent magnetic centers in lowration of ligands, which surround two neighboring magnetic
dimensional quantum spin systems usually pertain to slightlyons along the chain direction, possesses small stufssor-
different local surrounding of two types of magnetic ions. Ontions) of opposite signgantiferrodistortion’). Such distor-
the one hand, they are connected with stagggréatttors of  tions will immediately produce a change of the crystalline
magnetic ions.(Another explanation corresponds to two an- electric fields of the ligands. Hence, the orbital moment of
isotropic g tensors canting with respect to the main a%js. the magnetic ions will bealternately affected. Then the
On the other hand, they pertain to Dzyaloshinskii-Moriyaspin-orbit interaction yieldga) two different values of the
couplings in crystals without reflection magnetic symmetryeffective g factors of the magnetic ions aritd) a staggered
(with an odd magnetic structure with respect to the mainDzyaloshinskii-Moriya interactiofbecause of the odd mag-
axis®). In fact in all of the mentioned exampfd$-1?the  netic symmetry with respect to the main gxighe effect of
spin subsystems are effectively low-dimensional. Low-lyingthe latter can also be transfered to the effective stagggred
spin excitations are gapless for those systems without an efactor by means of a nonuniform unitary transformatiah
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ternating rotation of spin$? Hence, the staggered distortion field-excited levels. Second, off-diagonal matrix elements
of the nonmagnetic surroundinggands of the magnetic  (between the ground state doublet and excited I¢wdlshe

ions produces two inequivalent magnetgpin centers for Zeeman term have to be small compared vidthThird, ma-

the spin subsystem. The elastic subsystem loses its energyx elements between the ground state doublet and crystal-
due to the alternating distortions of ligands, while the elecqine field-exited levels of the operator describing the distor-
tron subsystem reveals an energy gain. The steady-state ca{bn must not be too small compared @. (Otherwise
figuration of the total crystal is determined by the competi-gistortions would produce a negligible change of the ground

tion between these two processes. This effeataltective stateg factors) Finally, distortions of the ligands must not
because the spins interact with each other. On the other hang. (5 (with J<D).

the inequivalence of magnetic centers can be seen only
through anonzeromagnetic field, so that the effect is field tion of an external field to this system yields two effects,

induced. npamely homogeneous magnetizatiom?| and staggered

Let us illustrate the above scheme for a concrete system, tization. The f h th d state fill
Consider the low-temperature behavior of a magnetic crystal?qagne 1zation. The former one changes the ground state fifl-

which reveals the low dimensionalifitD). This means that ing of the Dirac sea for th? low-lying gpin excitations! (
the spin-spin coupling along one direction is larger than thd'@ys the role of the Fermi energyNotice that for large
interactions along the other crystallographic directions. Supgnough values of the fielti, the spin subsystem exhibits
pose that the quasi-1D spin subsystem can be described byinerization (i.e., for the one-third filled Dirac sea of
Hamiltonian of a gap'ess sp"é antiferromagnetic(AF) Spin0ﬂ$, quadrimel’ization(for one-forth f|”|ng) etc. For
chain. The fact that the low-lying excitation of a 1D AF spin those values of the fieldr is equal tom/2n, with n being
chain is gapless implies that the systenciiical, i.e., the integer and Rg=m(14+2m?). Thus we expect a series of
ground state correlation functions decay in a power-lantransformations towards an inhomogenedircommensu-
manner. Suppose also that due to the reasons explaineate) magnetic structure due to umklapp processes rather than
above some components of the effectiyefactors of the due to dimerizatiod® Here we limit ourselves to small
spins are alternating, i.3; ,=9(1=* 8), whered<1 is pro-  enough values afl. As for the staggered magnetization, it is
portional to small alternating distortions of the local the relevant perturbation from the renormalization group
surronding$*?*This is equivalent to the mean field approxi- (RG) viewpoint, and it produces the gap for low-lying mag-
mation for phOﬂOﬂS, which is ]UStlfled for the 3D elastic SUb'netiC excitations of the Systempinons_ Unfortunate|y the
system. As for the 1D spin-spin interactions, we take theMhehavior of the spin subsystem with the Hamiltonian €.
into account nonperturbatively. The paramefedescribing  cannot be described exactly. However we can calculate that
the inequivalence of thg factors and the distortions of the behavior using the response of (_(uriticab Spin chain to the
|igandS iS not ﬁXed. It iS to be determined by m|n|m|2|ng the re'evant perturbatiomstaggered f|e|)j We perform Such a
total energy(including the magnetic and elastic energies calculation in an RG framework. Our study shows that the
within the adiabatic approximation. The total Hamiltonian exponents are nonintegra' in generaL in contrast to Simp'e
reads perturbation or mean-field theoris® The latters of course
are not legitimate for low-dimensional interacting quantum
spin systems. An application of scaling relations provides a
simple tool to understand some essential aspects of the be-
havior of a critical chain under a relevant perturbation.
Recall that the response of the free enefgyand the
correlation functioné., of a classical criticad-dimensional
system perturbed by a relevant operaidt’ with RG eigen-
whereJ is the exchange constantsA <1 is the parameter valuev *>0 is Af 8% andé. =6~ 7. A quantum critical
of the “easy-plane” magnetic anisotrop¥ is an external d-dimensional systerfwhich is in our case the spin 1D sub-

It is easy to show that because of nonzérthe applica-

Hsp=J§j: (§S 1+ (A-1)SSE, )

_MBHEI_: (91559255 + 1) (1)

magnetic field angkg is the Bohr's magneton. system of the crystaformally behaves in the scaling regime
For rare-earth iong(with a Kramers-doublet or non- equivalently to ad+ z)-dimensional classical system, where
Kramers-doublet crystalline field ground statr suffi-  zis the dynamical critical exponent. Hence, the ground state

ciently low temperature§ compared with the crystalline energy and the gap of the low-lying spin excitations of the
field splitting D, one can use the two lowest levels of the ion d-dimensional quantum critical system are formally propor-
as an effective spig with magnetically anisotropic behav- tional to the free energy and the inverse correlation function
ior. It turns out that no change of thgefactors can be pro- of the effective *“(d+ z)”-dimensional classical critical sys-
duced by distortions of ligands for the groundstate doubletstem, respectively. The RG eigenvalue? is related to the
They do not have orbital degrees of freedom, and are therescaling dimensiorx of the particular operator byx+ v~ !
fore unaffected by distortions. However the excited crystal-=d+z. For the (conformally invariant AF spin chain we
line electric field states are effectively included. This is whyhaved=z=1, i.e.,v=(2—x) 1. Hence the renormalization

a distortion of the ligands can produce a change ofdghe of the ground state energy per site of the quantum critical
factors, through the off-diagonal matrix elements of the rel-chain, and the low-lying spin excitation géwhich is equal
evant electric-multipole operators. This means that the conto zero at the unperturbed pojirdue to the staggered mag-
ditions for the applicability of our effective spi-descrip- netic  field are AEg=—(gdugH)?? ", and A

tion for rare-earth compounds are the following. First, «(géugH)Y(? %, respectively. Herex, is the minimal
<D i.e., there is no thermal population of the crystalline scaling exponent for energy-energy correlatige have
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ignored logarithmic corrections; they are present due to théions for the steady-state configuration of the total system
marginal operators in the RG sense and are essential for ttowrrespond to the cross section of the respective phonon
SU(2)-symmetric casé. modesw(q) (atq=2kg) connected to the alternating distor-
To find the scaling dimension for our critical spin chain tions (antiferrodistortionsof ligands with the electron orbital
we use the results of the conformal field the¢BFT). Ac-  modes.
cording to the CFT approadfi,the asymptotics of correla- Let us consider the interesting limiting case, namaly
tion functions of primary fields in the ground state are known=0. It is marginal withx,= 1. This corresponds to the XX
to be (¢r=(r,t)ds=(0,0))=exp(@DPer)(r—ivet) 2 (r  Spin3 AF chain with alternatingy factors. The Hamiltonian
+ivet) ™. Herevp and Py are the Fermi velocity and the Can be exactly mapped by means of the non-local Jordan-
Fermi momentum, respectively. falfjintegerD measures ngner_ transfor_matlgn onto the Hamiltonian of noninteract-
the momentum of the primary field in units of the Fermi N9 lattice fermions?” The groundstate energy of the spin
momentum. The scaling dimension and spin for each pri_subsystem and the elastic subsystem can be written in the

mary field are determined by,=A*+A~ ands,=A" form
—A~. Parameters\™ can be calculated according to the

2
finite-size analysis of the low energy physics of the critical E :2_ H[l— E}
. . gs gus
spin chain. 2
Combining all of the effects, we can write for the ground 1M
state energy of the spin subsystem with nonz&ro __j “dn J(6ggH)2+[J cosn2) T2, ()
mJo
gSugH | 22X

sp- ~ UF

: (2 where \.=cos [2(1- &) (gugH/J)>~1]. Minimizing the
ground state energy with respectdpwe obtain two possible

where for our AF spin chaing=wJ\J1—A%2cos *Aisthe  solutions. The firsts=0, corresponds to zero distortions. As

Fermi velocity of spinons foH=0. We point out that the for the second, it satisfies the equation

scaling approach is only valid in the vicinity of the critical

UF

point. This means that in principle the values of the magnetic 7C\JI%+ (8gugH)? A
field ands are small. Note that the Fermi velocity monotoni- ;. —Fl3 ,k) , ®
cally decreases with growingl and becomes zero at the (2gugH)

spin-saturation pointfor H=H_.~JA/4gug. The exponent
is equal toXx.=m/2(m—cos *A) for H=0. It increases
monotonically with increasingH and becomes 1 at
H=H..% Obviously E5,<0; hence one has an energy gain
due to nonzer@. On the other hand, in the lowest orderdn
the elastic subsystem loses energy proportionaC#5/2,
where C is the elastic constant. Whether the groundstatqv_\:
steady-state configuration corresponds to zero or nonZero
depends on the scaling exponeqt For x,<1 the ground
state steady-state configuration of the spin and elastic su
systems corresponds to nonzefp and hence, to two in-
equivalent spin centergvith two differentg factorg and to
the nonzero alternating distortioriantiferrodistortions of
the local surroundings of the magnetic iofigands. (Here 5 5
we take into account th&s| < 1.) The steady-staté is equal V1= (1= 8%)(gueHl3)*=sn(u,k), ©)
to

where F(A./2k) is the incomplete elliptic integral of first
order, withk~*= 1+ (8gugH/J)?. Notice that forH=H,
=J/gugy1l— & one has\.=7 and the integral is zero.
Hence forH=H, there is only oned,=0 solution in the
ground state, as should be the case. We emphasize again that
e study the effect of sufficiently weak magnetic fields.
ere, on the one hand, the scaling approach is valid. On the
other hand, we limit ourselves to dimerization only. This
gneans that the field is not strong enough to produce the
one-third filling of the Dirac sea, etc., or a series of transfor-
mations into inhomogeneous magnetic phases.

Equation(5) can be rewritten in the form

where sn(,k) is the elliptic sinugJacoby function with u
b @X20x) [ gy ) VLo =mC \/J2+(59MBH)2/(29MBH)2. This equation can be
6= (E) ( ) . 3 solved numerically for any values of field, exchange constant
and elastic constant. F&~1 (which corresponds to small
Clearly 8,=0 for H=0 and forH=H,. For high tempera- 9). the asymptotic of thg elliptic function is known to be
tures(much higher thard), the steady-staté is zero, natu-  SN(U,k) ~tanhu+(1—k’)(sinhucoshu—u)/4 cosiu.  [For
rally. Hence, there has to be a phase transition between tHarge k one has sn(,k) ~sinu—k*cosu(u—sinucosu)/4.] It
low-temperature and high-temperature phases. The former i§ Possible to write the analytic asymptotic expression for the
characterized by a nonzero staggered magnetization, gapp8&Pund state steady-state nonzégoas
low-lying spin excitations and nonzero alternating distortions
of ligands, surrounding the magnetic ions. The latter has zero \/ Atanhug— A2
staggered magnetization, gapless low-lying spin excitations 90~ (2J/gugH) 2—Atanh 21— (Auy/cosifug)’
and no distortions of ligands. We have studied this effect by (7)
assuming that the initial frequencies, of the phonons,
which are interacting with the spin chain are smajj<J  whereA=1—(gugH/J)? and u,=7CJ/(2gugH)?. It is
(adiabatic approximation |t is in principle possible to cal- clear that a nonzeré, can appear only for tani™>A. Equa-
culate the effect more precisely for amy.?®?° The condi-  tion (7) is plotted in Fig. 1. The absence of a physical solu-

Ur
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FIG. 1. The steady-state lattice
(antiferrodistortion of ligandséd,
as a function of the applied mag-
netic field h=gugH and elastic
constantC at T=0 for theJ=1
XX spin S= 3 AF chain with two
inequivalentg factors. Notice that
8o>1 corresponds to the non-
physical solution.

o 1

tion (8,<1) for small values oH is an artifact of the ap- Of the magnetic field with respect to crystal axes and on the
proximation(i.e., the replacement of the elliptic function by Mutual ratios of the exchange constant, anisotropy, magnetic
its asymptotics field and elastic constant. Naturally, in a pure 1D system the
For nonzero temperatures we calculate the free energy éemperature of the phase transition must be zero. However in
our system. We assume that the Debye energy of theur case the system it pure 1D: the magnetic subsystem
phonons is large. Therefore the elastic subsystem effectivelig 1D, however the elastic subsystem is 3D. That is why the

remains in the groundstate. The free energy is critical value of the temperature of the phase transformation
s T N is nonzero. This reflects the fact that the order param&ter
T fo . . .
E= - 2 j d\ Inl 2 COSV6 * ” ®) d_escrlpes both the mequ_lvglence of théactors and th&D
2 T = Jo 2T distortionsof nonmagnetic ligands.

It is clear that the effect studied here can be generalized
with ease to other quasi-1D quantum critical systems of spins
and correlated electrons. The possibility of such a field-
induced Jahn-Teller-like effectsonzero staggered magneti-

) (9)  zation is determined by théminimal) scaling exponent, .
96 This exponent can be calculated using the conforfiraite-
size corrections for energies of low-lying spin excitations of

For T>J we can replace the hyperbolic tangent by its AL ifical guantum spin and electron chains. For example, for

ment and observe that there exists only one solution to the SU(2S+1)-symmetric spinS chairt the exponent can
(9): 5,b=0. We performed a numerical analysis of this equa " o iculated a%,=25/(2511) (ie., it is less than 1 for

tion, and it revealed that @&,#0 solution exists for low . . L
temperatures. The critical temperatufg of the transition any S except of.the quasplasgcal situatiGe-1). For the
| SU(2)-symmetric case, it isXe=r(r+2)/4(S+1) (r

between the low temperature phaséth two inequivalent ~ 321 : -
paramagnetic centerand uniform high temperature phase is . 1,... 3. " Itis possible to calculate these minimal scal-

ained by equating, =0 for e second order phase ran- 19 5Pl % (OO Secuen ot wher e
sition, or the free energies of the phases wig+0 and§, 9 9

#0 for the first order case. The critical temperature can béiccounl like the Hubbard model;J model, etc. In the sim-

. . o . . plest case of one electron per site those electron models cor-
estimated(with the main input to the integral given by the : . .
. o respond to the above mentioned quantum spin chains. Ana-
van Hove singularitigsas

lytic expressions can be obtained, e.g., for Hubbard models
(1 22142 with the Hubbard constant being much larger than the hop-
Te (I gupH)/In(mC 207 ugH). (10 ping integral,U>t. In that case foH=0 we have, e.g., for
The analysis shows thaly=0 pertains to the minimum of metallic phases of the spi&- Hubbard chainx.=[1
the free energy fol >T. and to the maximum fol <T.. +2S(25+1)]/(2S+1)%.3 Notice thatS/2 can be consid-
Hence the phase transition is of second order. We again enered as the number of channels. For all those models with
phasize that the phase transformations studied here are mag< 1, we expect the possibility of a cooperative transition to
netic field induced—they are absent without the field. Wethe low-temperature state. There the staggered magnetization
also point out that the order of the phase transformation iris nonzero and low-lying spin excitations are gapped. In that
the general case depends on the orientation of the directicstate the local alternating distortions of ligands surrounding

where &.(\)=gugH=* V(8gugH)?+[J cosp/2)]?>. Then
the minimization of the free energy with respectdgyields

1 T £+(N) des(N)
C5—E§ JO d)\tanh?
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the neighboring magnetic ions will be nonzero and of differ-tions of magnetic ions themselve§he latter leads to spin-
ent signs. It turns out that the exponeqtis the smallest Peierls instabilittes and was observed, e.g., in Cu&eO
(hence the effect is the most stronipr the isotropic AF  There ESR studies reported an alternating Dzyaloshinskii-
Heisenberg spiS=1 chain, and it increases wit (or with ~ Moriya coupling®® Inequivalent surroundings of Cu ions
the number of channels were observed very recently in nuclear quadrupole
We suppose that the cooperative effects similar to the onkesonancé’ In such a situation both effects are additive in
studied in our work have likely been observed in some rarethe formation of a spin gap for low-lying spin excitations.
earth molibdates. There are low temperature ESR studies® magnitudes of the effects are naturally different. Also,
which observed two inequivalent magnetic centers, see, e.gh€ effect studied in this work manifests itself only in some
Refs. 9—12. For higher temperatuf&Y or higher magnetic domain of the magnetic field values. On the other hand, the
fields (higher frequencied® only one magnetic center was spin-Peierls period doubling isot caused by a magnetic

seen. Ultrasonic measurements revealed anomalies in tﬁ?ldi 'The critical temperature; are detgrmined by which in-
low temperature dependencies of sound velocities fop ability takes place first. For instance, in CuGd0e alter-

acoustié® and optical branch&5of the phonon spectra. Op- nating positions of Cu ions exist at higher temperatures than

tical and magnetic treatments observed the cooperative effeH?e softening of the phonon mode, corresponding to the dis-

in nonzero magnetic field, which was classified as one of théorf'r?n or:‘tlheirr;]ag\];etrl]c \Lonsrthems(tjelvers. lization of the Jahn
Jahn-Teller typ&:°3*Notice that the transition to the mag- conclusion, we have proposed a reaization ot the .ann-

netically ordered state was observed at much lower temperz%xr-e”er'Iike cooperative effect in the low-dimensional quan-

tures(see, e.g., Refs. 11, 34, RHence the cooperative ef- um critical _electron or spin systems. Al_ternati_ng local dis_-
fect discussed here was observed in tharamagnetic tortions Qf Ilga_nds,_surro.undmg the neighboring magnetic
(magnetically disordergdphase. It turns out that magnetic ions (antiferrodistortion lift the .dggeneraqy .Of orbital de-
and elastic characteristics of some of those systems man§: o> of freedom of the magnetic ions. This, in turn, leads to
fested the mentioned features only fmnzeroexternal mag- he' appearance afifferent gfaptors on ne|ghbor|n.g mag-
netic fields. The order of the transition was determined b)petlc ions(inequivalent ”_‘ag_”e“c cen;érs‘l’_he result is hon-

the direction of the field(lt is determined as usual by check- zero staggered magnetization af‘d field-induced gaps in the
ing which derivative of the thermodynamic potential pos-Spectra of IOW.' lying spin excitations. We suppose that the
sesses a singular behavjoFor zero field for some com- effects theoretically studied in this work were probably ob-

pounds there were no observations of the Jahn-TeIIer-IikéfarVlEd n low tempgrature expenments In some quasi-low-
cooperative effects dimensional magnetic compounds, in which spin, charge and

It turns out thai(alternating distortions of the positions of orbital characteristiqs of electron subsystem were strongly
ligands(they result in the inequivalence of effectigéactors coupled to the elastic subsystems.
of neighboring spins in quasi-1D chajns real compounds One of us(A.A.Z.) acknowledges with gratitude very
can be supplemented by alternating distortions of the posikelpful discussions with P. Fulde and P. Thalmeier.
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