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Thallium copper chloride is a quantum spin liquid 8&1/2 C#" dimers. Interdimer superexchange
interactions give a three-dimensional magnon dispersion and a spin gap significantly smaller than the dimer
coupling. This gap is closed by an applied hydrostatic pressure of approximately 2 kbar or by a magnetic field
of 5.6 T, offering a unique opportunity to explore both types of quantum phase transition and their associated
critical phenomena. We use a bond-operator formulation to obtain a continuous description of all disordered
and ordered phases, and thus of the transitions separating these. Both pressure- and field-induced transitions
may be considered as the Bose—Einstein condensation of triplet magnon excitations, and the respective phases
of staggered magnetic order as linear combinations of dimer-singlet and dimer-triplet modes. We focus on the
evolution with applied pressure and field of the magnetic excitations in each phase, and in particular on the
gapless(Goldstongé modes in the ordered regimes which correspond to phase fluctuations of the ordered
moment. The bond-operator description yields a good account of the magnetization curves and of magnon
dispersion relations observed by inelastic neutron scattering under applied fields, and a variety of experimental
predictions for pressure-dependent measurements.
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I. INTRODUCTION Tanakaet all’ found by magnetization measurements under
hydrostatic pressure that TICuChas a pressure-induced
Thallium copper chloride presents an insulating, quan- magnetically ordered phase, with a very small critical pres-
tum magnetic system of dimeriz&#1/2 C#* ions. Inelas-  sure for the onset of magnetic ordét,~2 kbar. Oosawa
tic neutron scatteringNS) measurements of the elementary €t al® have shown very recently by elastic neutron-
magnon excitatiof’$ reveal a strong dispersion in all three Scattering measurements under a pressure of 1.48 GPa that
spatial dimensions indicative of significant interdimer inter-the pressure-induced ordered phase has a strong staggered
actions. The dispersion minimum gives a spin gAp moment(60% of the saturation valjieagain r_eflectlng the
=0.7 meV, which is significantly smaller than the antiferro- low vglue of PC'.The magnetlc Bragg reflec.t|ons are found
magnetic(AF) dimer superexchange paramefer5 meV. at reciprocal-lattice p0|ntQ=_(O,0_,27r) (following the nota-
The corresponding critical field .= 5.6 T, makes TICUG tion of Ref. 4, as in the field-induced ordered phase of

one of the few known inorganic systems in which the gapTICuCI3. The aim of the present work is to compare and

may be closed by application of laboratory magnetic fiélds. contrast the field- anq pressure-induced or_de_red phases of Fhe
Neutron-diffraction measurements at fields>H. revealed system, an_d to provide a (_:omplete_ dgscnptlon of_the static
that a field-induced AF order in the plane normal to the ap_magnetlzatmn and dynamical excitations at all fields and
plied field appears simultaneously with the uniform pressures.

moment® Recent INS measurements of the magnon spectre
in finite fields! including those exceedingl.,® have pro-
vided dynamical information concerning the elementary ex-
citations, in particular the linear Goldstone mddm the
phase of field-induced magnetic order.

TICuCl; (Fig. 1) is one member of a group of related
compounds. The potassium analog KCuQRefs. 1,2,10-
13,7 is similarly dimerized, but has significantly weaker in-
terdimer coupling$? resulting in a large spin gap of 2.6
meV. A further material in the same class, NBUCL, has no
spin gap and exhibits magnetic order with a very small mo-

ture which gives rise to magnetization plateaus only at 1/4
and 3/4 of the saturation vald@While the apparent increase
of interdimer couplings with anion size may suggest a con-
tribution of the anion to superexchange processes, it shoul
be noted that the physical origin of the properties of
NH,CuCk may be rather different from the other  FIG. 1. Structure of TICuGt small circles represent Clions,
members?® Turning from chemical to physical pressure, medium-sized circles Cii ions, and large circles Tlions.
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The issue of coupled spin liquids and closing of the spinof static properties, and in particular of dynamical excita-
gap due to higher-dimensional superexchange interactiort®ns, on both sides of a QPT. In Sec. Il we consider the
has been investigated in a wide variety of systems, many dstructure of TICuG and deduce the parameters of the effec-
which were found to be rather close to the quantum phastive model for the elementary magnon excitations in zero
transition (QPT) to an ordered state. The Haldane chainsfield. Section Il contains the bond-operator description of
CsNiCk and RbNiC} (Ref. 19 presented an early example the quantum phases and phase transitions in the TCuCl
where both static and dynamic properties could be measuregystem as a function of the field, and as such constitutes the
The coupled, two-leg ladder system LaGu@Ref. 20 was  €xtended version of our previous results for magnetizations
found to have sufficiently strong interladder coupling so tha@ind magnon excitatiori.In Sec. IV we apply the bond-
magnetic order could set in, whereas the coupled plaquetteperator formulation to the pressure-induced QPT, extending
compound CayOy (Ref. 2]) retains a robust spin gap. While the treatment of Refs. 28 and 53 to discuss in detail the phase
numerical simulations of appropriate models have compare@nd amplitude modes in TICuglthe effects of simultaneous
the thermodynamic properties of the phases on both sides #fessure and field, and finally the magnetization at finite
the transitior?? theoretical studies of these systems havePressure. Section V presents a summary and conclusions.
concentrated in particul&2° on the identification of a low
lying but massive longitudinal mode on the ordered side of Il. MAGNETIC BAND STRUCTURE
the transition which corresponds to an amplitude fluctuation

of the ordered moment. Experimental work continues to re- Tl(.:UCI3 and KCuC} appear o haye the struciure of a
fine the observations of this type of excitatih. quasi-1D system of coupled spin chains. However, INS ex-

The first system to be studied in which the spin gap coul eriments on both systems at zero field reveal an elementary
be closed by application of a magnetic field was riplet excitation with a spin gap and strong dispersion in all

(CuNG;),-2.5H ,0, whose susceptibility shows finite steps three reciprocal-sp_ace direction_s. In this_se_ctio_n We use a
at H=2.7 T and 4.2 T which correspond, respectively, to themodel of coupled dimers 'Fo provide a qualitative Justlfl_canon
critical field and the saturation fieft:2 Interest in this type for the observed resulis in terms of superexchange interac-
of QPT was revived more recently by the discovery of thefuon_s within the crystal structure. Although the dimer model
organometallic compound ¢81;,N,),Cu,Cl,.% This mate- is dlﬁerent from those of Refs. 4, 5, and 12, the results are
rial, originally believed to have a two-leg ladder geometry, perforce in close agreement.
undergoes a QPT a.,=6.6 T, and has been investigated
quite extensivel§# 3% to characterize the thermodynamic
properties in the quantum critical regime. The magnetic in- The magnetic couplings between the spins, which are due
teractions  within  this system are now thoughtto unpaired electrons in the Glj2_,2 orbitals, are mediated
to have a significantly more complex structdfewhose by superexchange through tipeorbitals of the CI ions.
three-dimensional3D) nature mandates a reinterpretation Quantitative calculations of superexchange interactions, par-
of earlier observations. A further recent discovery,ticularly for extended pathways, remain unfortunately be-
(CsH1.N,),CuBry, %8 is currently believed to be a quasi-1D yond the scope of current understanding and computer
ladder system, and also shows an almost identical lowepower. Here we employ qualitative considerations of geom-
critical field, H.=6.6 T. A considerable body of theoretical etry and orbital overlap to provide plausibility arguments for
work®®~** has analyzed the properties of this system by ahe relevant model parameters.
variety of techniques. A particular focus of recent studies in Each Cu ion can be considered to be octahedrally coordi-
this direction, the majority motivated by experiments onnated by CI(Fig. 1). The Cud,2_,2 orbitals lie in the basal
TICuClz, has been the possibility of describing the orderedplanes of the octahedra, and the most important superex-
phase as a field- or pressure-driven Bose-Einstein condensahange interactiod is that between ions in two edge-sharing
tion (BEC) of the triplet magnon excitations of the spin octahedra. Such a pathway requires exchange through quasi-
liquid,*>~*8 which become massless at the QPT. In this for-orthogonal orbitals on Cl, and if the environment is truly
mulation the critical exponents of thermodynamic propertiessubic Hund’s rule dictates that the coupling is weakly ferro-
such as the magnetization in the ordered phase are specifietagnetid FM). However, for a structure distorted away from
as a function of dimensionality and magnon dispersion, andhis high symmetry, as in TICugl AF exchange terms are
allow in addition a characterization of the quantum criticalexpected to be stronger, although the edge-sharing configu-
regime at finite temperature. However, questions remain corration remains a weak superexchange path on the scale of the
cerning the appropriateness and universality of this descriginear bonds in cuprates. Further superexchange terms in the
tion and we will address these below. chains(left side of Fig. 2 will of necessity involve pathways
Here we work exclusively at zero temperature to considecoupling to the Culs,2_,2 orbitals, and thus will be consid-
the field- and pressure-induced QPTs in TICuGsing the  erably weaker thad, while interchain pathways, which have
bond-operator techniqé This approach is naturally suited the form Cu-CI¢TI)-CI-Cu (Fig. 1), should also be small.
to the spin-liquid regime of dimerized systethand has pre- From this consideration one expects a system composed of
viously been developed both for coupled laddeand for  dimers, provided by the edge-sharing octahedra, with weak
describing the neighboring magnetically  orderedinterdimer coupling in all directions.
phase®°2530n an equivalent footing. This analytical frame-  Nearest-neighbor couplings in the chainlike stack of
work is thus uniquely applicable for a consistent discussiordimer units(oriented alonga) are also of the edge-sharing

A. Exchange pathways
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LTS o T 3 ty=t]]0)=—=(|T1)+[11)), (1)
J2 ) J I where the arrows in each state denote the direction of the two

(a) (b) spins, and all the states created in Ef.have total(dimen
S,=0. From the action of the spin operatd@sandS, (de-
FIG. 2. Schematic representation of relevant interdimer cou0ting left and right sites of the dimeon these states one
plings in XCuCl: (a) a-c plane andb) b-c plane. may deduc® the correspondence

type between octahedra, where the edge is from basal plane
to apex. Again the possibility arises from the geometry that
these weak bonds may be FM. Viewing the dimers as ladder
rungs, the effective ladder-leg coupling is denotedlpyand ~ where o, 8,y=X,y,z. The spin commutation relations for
the asymmetrical cross coupling By [Fig. 2@)]. Finally, S are reco_ve.red if the singlet and triplet operators have
the structure of the ladder legs is such that a next-neighbd?0sonic statistics. However, the bond operators are con-
Cu-CI-CI-Cu coupling, similar to that proposed in CuGeO sirained by t_he number of physwal_states available on eagh
may not be excluded, and this is denoted’asA significant d_imer, one singlet or one of three triplets, to obey the condi-
interchain coupling is expected only where the Cu-Cl-Cl-cution

pathway is rather direct, with bond angles not deviating

widely from 180°. The dimers are oriented primarily along SiTSi'*' 2 tiTati =1, 3
the c axis (Fig. 1), where by inspection any overlap is not a=xyz

especially direct and may involve parallel paths. Because th\‘/evhich specifies a hard-core bosonic nature.

dimers are also tilted significantly alomag it is possible ihat _ With a view to the analysis to be presented in the subse-
dimer§ with a separation of one or two unit 'ceIIs in this quent sections of the system under a finite magnetic field, we
direction are coupled,; lel, denote a dimer coupling alony  introduce here the appropriate bond-operator description.
only, J; a coupling alonga+c, andJj a coupling along The operators in Eq1) are not the eigenstates of an external
Sa+c [Fig. 2(a)]. Finally, the shortest interchain distance is magnetic field, and so we transform these to the opeP&tors

that between the two inequivalent chains in the unit cell,

1 .
St = iE(STta—i—tZS)—Ieaﬁyt;;ty, 2)

namely, b+ ic (Fig. 1). Here the directionality is evident ¢ =i(t++t_)

from the fact that the pathway goes through the CI ions 2 '

pointing maximally up or dowrtrelative to thea axis) from

the dimers, indicating that this couplindy should corre- -1

spond to the interdimer separationg+ b+ 3 5c, where ty:ﬁ'(_tﬁ“t—)*

n==*1. The possibility remains that the couplings of the

spin on one dimer to either of those on a neighboring dimer t=t, @
Z ]

are finite, requiring a final superexchange parama}dfig.
2(b)]; inspection of bond lengths and ang(&4g. 1) suggests  which create the triplet states

that J3<Js.
thjoy=—111),
B. Model
Having argued that the properties of the system in zero tT|O>= i(|”>+|”>)
field, including the spin gap, are determined largely by the 0 V2 '
dominant dimer coupling, one may construct a model with
this ground state using the bond-operator technfdue this tt 10y=|1 1) (5)

representation th&=1/2 spin degrees of freedom on each
dimer, or ladder rung, are expressed by the bond operatorgn this basis the magnetic-field term for a dimer has the di-
1 agonal representation
Is)=s110)=—=(TH =111, —h- (S S)=ihytl, -ty =htlt ~ '), (@)
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in which h=gugH, ensuring that the operator%:il repro- Hn(i,i)Z[t;rotio(tﬁtw+tiT_tj—)+H-C-]
duce the energy levels of the field eigenstafes 0, 1. - -
Further, the transformation conserves particle number, and —[tiotjo(tistj—+ti_tj,)+H.c]

the local constraint3) retains the form
+(th -ty -t g0, (10

SiTsi"_ 2 tiTatia:]-- (7) and encodes the possible triplet scattering processes. As in
a="F0- previous analysé$?8we have chosen to neglect terms of the
Following Ref. 50, transformation to the bond-operator repJ0rM tiatjstj,Si - These three-triplet |nt5e0ract|.ons vanish iden-
; ; tically for a centrosymmetric systeft® as is the case for
resentation yields _ . ¢
TICuCl; in the disordered phase, and in the ordered phase
H=Ho+Hy+H+Hj+Ho+Hy+Hy+Ha+H,, (8  their contributions may be assumed to be small. Finay,
specifies the bond vectors

where
él=a,
HO:Z €isSISi T =§407 €iatiatiat 1il,
w aj=2a,
1 A A
Hy=5312 [Hafi,i+ay) +Hy(ii+ay)], 3,=¢,
1 . . a,=a-+c,
H1=ZJ12i [—H(i,i+aq)+Hy(i,i+ag)],
aj=2a-+c,
" 1 " s ~n ] ~n
Hi=5 3120 [Haliyi @)+ Hli,i+a7)], L1
az.=*a+ Eﬁiia' (12)

1 . .
HZ:ZJZZ [=Halhi+8) + Hy(li +32)], for the superexchange interactions of Fig. 2, wher, and

c are unit vectors for the crystal axes. The prefactor of each
, 1, ., LA, term in Eq.(8) is determined by the number of bonds be-
7{2:4_1‘]22i [=Hsis1+a5) +Hy(i,i +a5)], tween dimers, and the sign @{g by whether the bond is
between like {I, rr) or unlike spins [r).

Hy= ZJZEI [ —Hsli,i+a3)+Hy(i,i+a3)], C. Conventional bond-operator formulation

At zero field, as for all magnetic fields below the critical
1 . . field H;, the system is in the quantum disordered regime
ngngz [Hs(i,i +az.) +Hy(ii+asz:)], with a spin gap between the singlet and triplet states on each
b dimer. This situation, for which the bond-operator technique
is most directly applicable, is represented by neglecting the
HéI%Jéz [—Hli i +85.2) + Huli)i +ag-)]. dynamics of the singlet operator and replacingverywhere
L= by a c-numbers;, corresponding to a condensate of dimer
: . .. singlets. Two approaches for the treatment of the local con-
In Ho, €s ande;,, denote the singlet and triplet energies in %traint(7) in the disordered phase exist in the literature, and

the presence of an external magnetic field directed along thWe beain with a brief discussion of the conventional bond-
z axis, andy; is a chemical potential emerging from the 9

Lagrange multiplier introduced to enforce the constraimt operator theor§ n wh|c_h Fhe Chem'c"?" potential IS re}amed
; o I o explicitly. Proceeding within a mean-field approximation, the
on each dimer. The bond Hamiltonidti(i,j) is specified . ) :
by operatorss; and the site-dependent chemical potg]t;als
are replaced by uniform, global average valgg$=s and
o . . ‘o1 mi=m. These parameters are then determined self-
Ho(i,)=2 (1], tj,5) Sitti,t5sistH.c), (9 consistently from a minimization of the total energy at fixed
“ total boson number. The dimer energies and ¢, in H,

where a=+,0— and a=—,0,+, and describes singlet- [@ke the values

triplet interaction processes. The first two terms in EQ).
correspond, respectively, to triplet propagation and triplet . =—§J—
pair creation. The triplet-triplet interaction term is given by s 4 H
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TABLE |. Dimer superexchange parametkrinterdimer super-
Eia:ZJ_ ah—pu, (12 exchange parameteds, gapA,, singlet condensation parameggr
and chemical potentiaj, determined from the bond-operator
and the self-consistent solution follows exactly the treatmenénalysis of TICuG] and KCuC}. Values to the left in each column
of Refs. 51 and 28, which also present the situation for are obtained from the Holstein-Primakoff formulation of Sec. Il D,

system with two dimers per unit cell. while values in parentheses are obtained from the conventional
Quantum fluctuations about this dimer-singlet groundbond-operator theory of Sec. Il 3, denotes the combinationJ2
state are contained in the triplet operattjfsin Eqgs.(8) and —J; andJ; the combination);—Jj.
(9), and in reciprocal space are given to quadratic order by
the Hamiltonian TICuCly KCuCl,
3 _ _ J/meV 5.50(4.87 4.22(4.16
H:N(_ZJSZ_M32+M +2k [ag  €xabialia 3, /mev ~0.43 (-0.41) ~0.42 (—0.48)
J5/meV 3.16(3.3) 0.79(0.79
1 1 3
+ E(Aktkot,kO‘F H.c) +§Ak(tk+t7k— ity isollmmee\\// %3;%33 2;8 2223
s 1.00(0.97 1.00(1.00
+ H,c_)} , (13)  —uld 0.75(0.86) 0.75(0.77)

whereN is the number of dimers in the system. The disper-

sive part of the magnon energies for the TICu€ystem is  formulation of the preceding subsection, and at higher fields
contained in the expressions (beyondH,) to specifying that the condensate amplitude re-

mains unity. With these values gfand,u the results of this

1 approximation have exactly the form of Eq43)—(16).
ek“_ZJ_M+Ak_ ah, (14 The Holstein-Primakoff approximation thus neglects
quantum fluctuations to triplet dimers within the singlet con-
Ak=;2{(31—%31)009<X+J'1'C053<x—%[choskz densate, and as such constitutes a stronger approximation
than the approach of the preceding subsection, in which
+J;c08K, +k;) +35¢09 2K+ k) ] these fluctuations are included in the self-consistent determi-
, 1 1 nation of s. The values ofs obtained for the disordered
+(J3—Jg)cogket sk;)cos7ky (15 phase in TICuG] and KCuC} are shown in Table I, and

wherek, takes values in the interval 27 <k,<2 in order ~ demonstrate that the triplet fluctuations are always small.
to describe the two dispersion branches corresponding to thEhe maximal error incurred is of order 3% in this regime,
two-sublattice system. The Brillouin zone lies betweew ~ While at saturation, where quantum fluctuations are com-
and (in units of the inverse lattice spacinigp the other two ~ Pletely suppressed, the condensate amplitude is in any case
directions. Diagonalization of the Hamiltonidf3) by Bo- forced to unity. In the light of this observation, truncation at
goliubov transformation gives three modes with dispersiorfluadratic order, which is equivalent to the neglect of
relationsE,+h, E,, andE,—h, where magnon-magnon interactions in both disordered and ordered
phases, is also not a source of significant error. The superex-
\/ 1 5 change parameters fitted within each of the two approaches
Ex=\ |z #F Ak —AL (16)  (Table ) allow a further comparison, and are also in rather
close agreement, as discussed in detail in the following sub-
is the dispersion relation for the field-free system. In thesection. Thus the Holstein-Primakoff treatment yields semi-
disordered regime the triplet modes do not change the formjuantitative accuracy for 3D systems such as TIGwId
of their dispersion, and are merely split by the magnetic fieldkCuCl, at low temperatures, and we will use this level of
due to the Zeeman interaction. approximation in all of the analyses to follow.

2

D. Holstein-Primakoff expansion
_ ) o E. Superexchange parameters
The alternative means of treating the global constraint is h field di ) lati ‘ h
to replace the singlet operator by using the constraint itself, 1€ 2ero-field dispersion relatioii$6) deduced from the
model in Fig. 2 may be compared directly with the experi-
: \/ 1 mental results for TICuGland KCuC}, which we take, re-
Si=§/ =

1- N 20 t! tic (17)  spectively, from Refs. 4 and 12. The most characteristic fea-
l,a=+,0,—

tures of the dispersion data for both systems are that local
which leads to the simultaneous elimination of the variableMinima appear at both the 0 andpoints in bothk, andk,
. Substitution of Eq(17) into the Hamiltonian, followed by directions, and that the relative depths of these minimlg in

truncation at quadratic order after the expansion of thqk,) are exchanged between 0 amdin k, (k,). Without
square root, is equivalent to takisg=1 andu=—3J inthe  attempting a systematic optimization procedure it is possible
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8 @ ' ' T TIouCH energy in directiof1,0,—2] (line AC in Fig. 3 for TICuCk;

; Ny a similar observation was made for KCuflis small and
disperses only weakly and monotonically. In a tight-binding
model this may be achieved only if thk,(k,) dispersion is
largely determined by the terd},. As in Refs. 4 and 12, we
find that a good fit to all of the dispersion features can be
achieved using only the parametels, Jj, andJ;, with

contributions from the other parameters being negligible.
From this procedure it is not possible to distinguish between

the J; andJ; contributions tod;, but the result that this is
8 ' ' ' ' negative is robust. This implies that tle exchange path is
closer to the FM coupling regime achieved near Cu-CI-Cu

6t ; ; bond angles of 90° than is thE path[Fig. 1(a)]. Although
=~ i i it is likely that in this case both values are individually rather
g4 | | small, the bond-operator framework provides a simple origin
0 i o for the near cancellation of two AF interactions to give a

small net coupling despite the short bond lengths.
In such a scheme, the exceptionally ladgeequired to fit
‘ ‘ the dispersion of TICuGl(Table ) has no immediate justi-
B c D A F C fication from qualitative arguments based on superexchange
) ) ) paths. However, it is also by no means implausible given the
FIG. 3. (&) Magnon dispersioik, for TICuCly. The points rep- jjted dimer orientation within the unit cellFig. 2), which
resent experimental results measured atl.5 K, taken from Ref.  yagjts in all of the bonds on this path being rather straight.
4, and the solid lines the fit using the parameters obtained Wlthlnthﬁowever’ because this coupling provides the only ¢gs 2
HoIsFein-Primakoff formul.ation listed in Table {b) Magnon dis- modulation, and the only cds modulation, its value is de-
persion for KCuCJ. Experimental data, measured at 5 K, are takentermined very accurately by its contribution to the dips away

from Ref. 12, and the theoretical fit from the Holstein-Primakoff from the dispersion maxima towards the zone boundaries in
parameters of Table I. Following Ref. 4, points in reciprocal space ISpers| Xl W z u lest

are denoted byB=(0,2mr,27), C=(0,0,27), D=(0,0,0), A both k, andk, directions, primarily in competition witH.
=(,0,0), andF = (7,0,27). For the strongly dimerized, 3D systems represented by both
sets of parameters in Table |, these effects may only be due
to competition between interactions of different periodicities,
and there is no possibility of such dispersion forms being
provided purely by many-body effects of the type expected
in weakly coupled spin chains.Such competition is ensured
for the assumed dimer coupling geometry by the presence of

to find parametergTable ) giving a very good account of
the data. Figure (&) shows the calculated magnon dispersion
for TICuCl; with the data of Ref. 4 and Fig(8) the disper-
sion for KCuC} with the data of Ref. 12.

Under the assumption that thea+ b=+ 3¢ coupling is S
indeed dominated by;, the signs of the superexchange in- the pathwa~ys withirds. i .
teractions are consistent with the expectation that all intersite S With J, the zero-field data alone does ,not permit the
parameterdJ} in Fig. 2 are AF. The values for KCughre possibility of f|ttﬂ|‘n9 both contributiond; and J; to the ef-
consistent with the results of Refs. 10, 12, and 13, with disfective couplingJ;. However, because the minimum of the
crepancies arising from the exact formulation of the dimermagnon bands is located at (0,&,2in reciprocal space, one
description. The leading difference between TICu@hd may expect(on the assumption that all couplings are)AF
KCuCl; lies in the value of the interladder coupling, that J;>2J,, whence the negative signs for the effective

which is larger for TICuG, and is responsible for the con- parameters); in Table I, and thatl;>J}. One attempt has
trast between wide-band, small-gap and narrow-band, largeyeen madeto extract these parameters for TICyGising

gap magnon dispersions exemplified by the two systems. Wg cluster expansion theo?y, which returns the intersite
now discuss the dispersion relations and superexchange pgouplings (valid for a formulation different from that of

rameters in further detail. . _ Sec. 1) J;=0.34 meV,J;=1.70 meV,J;=0.91 meV, and
The dom|nant~contrlbl.1t.|on tf) the ovelraII dispersion Ji=—0.57 meV. However, for the present purposes,
curves comes fronds, specifically its cok.cossk, form. Al-  namely, a focus on the ordered phases of the system under

though the magnitude of this coupling is not large, its geom-applied field and pressure, we choose to avoid the large un-
etry enhances its importance. Separating the and certainties inherent in these estimates and proceed simply
k,-dependence arising from the terds=2J,—J;, J;, J,,  with the effective quantities; andJ;, determined at zero
J,, andJy is in principle a complex task, and tuning of these field, in place ofJ; andJ; in Eq. (8), with 7, and 3 set
parameters would permit a very accurate fit to the measuret zero. This approximation is in fact insufficient for a full
dispersion. For the purposes of the current, unrefined fit wéreatment of the ordered phase, where the coefficients of the
make use of the remarkable observation that the magnotermsH, have the same sign, and should no longer be nec-
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essary when reliable high-field measurements become avail- E A (a)

able. The resulting small deviations from quantitative accu- t
racy which are found in reproducing the high-field =
magnetizationSec. 11l B) imply thatJ; andJ; are, respec-
tively, significantly larger thad; andJ;. We have thus ex-
tracted only four exchange constafifable |) as the minimal
model required to describe TICuChnd KCuC}, and have
shown in Fig. 3 that this set provides a remarkably good
account of the magnon dispersion relations in both systems.
In the following sections we therefore employ this model

with the parametersJ(J;,J5,J3), and within the Holstein-
Primakoff approximation(Sec. 11D), to study field- and
pressure-induced magnetic ordering in TICu&hd KCuC}.

We comment here that théCuCl structure is not mag-
netically frustrated; when following the dominant interac-
tions no triangles of spins are found. The modulation of the
dispersion relations arises rather from the simple fact that
components of different periodicities may contribute as a
consequence of the complex unit cell and coupling geometry.
The lack of frustration is a very important feature for both
the appearance of staggered magnetic order in an applied

field and the success of the bond-operator description. FIG. 4. Representation of field-induced order far an isolated

~With regard to a comparison of the parameters in Table himer and(b) interacting dimers with interdimer couplinge-
with the results of other approaches, these are indeed rather

similar to the values given in Refs.[differences are due to ) _

the fact that the experimental fiting formula is linear, tNe ground-state and magnetic excitations of TiGuand
whereas Eq(16) has a square-root foffrand 5. The bond- KCuClg at zero rr_1agnenc flel_d. In this sectlc_)n we will apply
operator formulation has the advantage of providing a directn® same formalism to consider the evolution of the system

justification for AF interdimer bond3, andJ;. The opposite qnder an applied f'el.d’ with paruculgr focus on the GXC'“’"
. " ) . . tions of TICuCL in the experimentally accessible
sign of theJ; term found by the alternative technique is intermediate-field regiméd>H,, where the lowest-lying
rather harder to justify on the grounds of magnitude an ¢

orbital overlap geometry. The differences between the results agnon mode is gapless.
: ) The bond-operator formulation for ground and excited
of Table | and those shown in Table | of Ref. 54 are due P g

; states in magnetically ordered phases was first explored for
solely to the conventions chosen for the bond-operator analys, 1o mg where the order arises as a result of increasing the
sis. That the magnon excitations are so well described by ,ereychange interactions between low-dimensional sub-
such a simple model indicates posteriorithat the qualita- systems with a spin g&p.In this case, all three magnon
tive assumptions made in Sec. Il A concerning t_he. relev.an;.nodes in the disordered phase remain degenerate as the cou-
excha_mge paths are appropriate. The increase in mterdmging rises and the spin gap is closed, until at the quantum
cogpllng st_rengths observed from KCy@ TICUCk, as the_ critical point (QCP the three magnons become massless at
anion size increases, may suggest that the role of the anion e band minimummagnetic Bragg poifit On further in-
detgrmlmng the §upere_xchan_ge parameters may depend mQig,aqe of the coupling into the ordered phase, two of the
on its charge dlstnbutlc.)r(actlve. participation in superex- magnons remain massless, corresponding to spin waves,
changg than merely on its spacing effect. . while the third acquires a mass which increases on moving
_In summary, T'C%J'Cs' gnd KCuC&_are well described F’y away from the QCP. This last excitation has the interpreta-
simple models of dimerized Cu spins coupled by relativelyiqn of 4 |ongitudinal mode, and corresponds to fluctuations

weak superexchange interactions in all three spatial dimeng, he amplitude of the order parameter, which are soft close
sions. This model may be used not only for magnon dlsper}

> et

. X : - 0 the QCP. This situation will be discussed further in Sec. IV
sion relations measured by INS, but also for the intensities of, {ha context of the pressure-induced QPT in TICUCI

the elementary excitations, which are dominated by the 14 gjation in a magnetic field is rather different, and

dimer form factor. With these zero-field results we turn NOWpas been considered using bond operators for the isolated
to a treatment of the excitations in magnetic fields H. spin laddef? for a pair of coupled plane$,and for TICUC}

sufficient to close the spin gap in TICUClin Sec. IV we  j; pat 50. A simple understanding may be obtained by con-
will return to these considerations to justify our treatment Ofsidering a single, isolated dimer with AF couplidgat zero

the superexchange integrals under applied hydrostatic prefg|q the ground state is a singlet, and the threefold degener-

Sure. ate triplet excitations at energy=J separate in an applied
field due to the Zeeman interaction, as shown schematically
in Fig. 4(a). At a critical field, given byh,=A, the energy of

In the preceeding section we have established a minimdhe lowest triplet is reduced to zero, and the crossing of
model within the bond-operator framework which describedevels changes the ground state from singlet to triplet. Above

Ill. FIELD-INDUCED ORDER
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10 T - y The nature of the three magnon modes in the disordered
= E

<

‘e phase may be understood as follows. The wave function of
| the lowest triplet modeE, ., can be approximated by a
linear combination of singlets and triplets on each dimer
bond,

E [meV]

1 )
</«~Eu(lm—ni>)—ve'<k'“*Ek+°m>, (20)

B c D A c whereu is a coefficient of order unity ang is small and real.
The expectation values of the spin operator components at a

FIG. 5. Magnon dispersion for TICugClat H=H, (=5.6 T), given dimeri in the state(20) are

usingg=2.16 for theg factor of TICuCk.

H., the ground state is of pure triplet nature and the lowest- (S i=—(Sxi~ %umos{k ri—Exst),
lying excitation is a singlet. For a set of dimers with mutual
AF interactions[Fig. 4(b)], the zero-field triplet excitation
modes are dispersive in reciprocal space, and the critical field
H. is defined by the value required to close the zero-field
gap, at which point a single mode becomes massless.

The ground state of the ordered phase has the two essen- 1,
tial properties that it possesses a field-induced staggered mo- <S,Z>i:<sr,2>i”§v ' (21)
ment and has a massless excitation corresponding to the
transverse fluctuations of this moment. The appropriate defom which it is evident that the mode possesses a very
scription of this phase is a linear combination with the sin-small, uniform, static magnetic moment parallel to the field,
glet of the lowest- and highest-lying triplet stafsyhich ~ and thus gains Zeeman energy. Perpendicular to the field
corresponds to the choice of a mean field for the staggereidnere is also a finite magnetic moment, which fluctuates in
moment, whence the transformation in Holstein-Primakoffooth space and time with characteristic wave veét@nd
formulation returns the excitations of the ordered phase. Wenergy E,,, and is staggeredspins | and r oppositely
note here that the conventional bond-operator treatif®ad.  aligned because of the AF intradimer coupliny Similar
I1C) may lose consistency in the description of these excitaconsiderations for the modg,_ reveal that the uniform
tions because higher-order interactions between triplets am@agnetic moment is directed antiparallel to the field, leading
contained in an uncontrolled manner. The coefficients of théo a higher Zeeman energy. Finally, thg, mode has no
ground-state singlet-triplet admixture change continuouslynagnetization perpendicular to the field, although it does
with the applied field until the upper critical field,, where ~ possess a moment parallel to the field with modulation wave
all spins are aligned. Beyond,, the ground state has pure vectork, and so its energy does not change with field. For
triplet character(Fig. 4 and three excited modes of the H<H., the energies of these modes are positive, meaning
strong-field regime are all massive, as expected for a fieldthat the spin structure associated with the magnons is very

1
(Sp)i=—(Spi~— zUUSiﬂ(K ri—Exst),

aligned antiferromagnet. weak and fluctuating. We stress that the sum of the magne-
tization components remains zero in the disordered phases,
A. Disordered phase which can be considered as a consequence of quantum fluc-
~ tuations which act to restore the(® symmetry of the field-
Henceforth we adopt the notatiah for J,, J, for J5, free system.
andJ; for J5. As in Sec. Il C, the dispersion relations for the ~ We note again that an increase in the applied field leads to
triplet magnons of the disordered phase are given by a shift in mode energies without changing the shape of their
zero-field dispersion, until the lowest modex< +) be-
Exo=VJ?+2Je— ah, (18)  comes soft aQ=(0,0,27). This determines both the critical
field,

1 1
€= — —chost—Echos(ka+ k,)

2 he=gugHc=I2—3(J;+J,+233), (22

1 and the spin structure of the lowest-lying mode, givenkby
+Jzcogky+ %kz)cos§ Ky, (19 =Q, which corresponds to the static spin configuration in the
field-induced ordered phase. One may conclude that a
and are shown in Fig. 5 for the critical fiel,, although a  TICuCl; system of classical spins would favor AF order to
qualitatively identical picture is obtained for all fields  minimize simultaneously all intersite interaction terms. By
<h.. We emphasize that the lowest mode retains its quaeontrast, for the quantum system the strong AF intradimer

dratic shape at the band minimugef. Sec. I\) even ath,, interactionJ favors dimer-singlet formation, and the AF spin
while beyond this, as we will demonstrate below, an addi-structure cannot be the ground state fbxH.. However,
tional linear component arises. the incipient, long-ranged AF spin order is reflected in the
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structure of the lowest-lying magnon excitation, which is _ 1

minimal at k=Q. As the magnetic field is increased, the a= \/l_N > bl.bye (25
lowest mode is lowered progressively unti,, where kom0

dimer-singlet formation is no longer sufficient to cause anwe emphasize again the participation of the highest triplet
ordered phase, the symmetry of the system is lowered tghode ¢_) in the condensate, as a consequence of the triplet
O(2), and the onset of real uniform and staggered magnetipaijr-creation processes #,;, Eq. (9). The linear combina-

zation components is observed. For the magnon excitatiorlﬁson of singlet and triplets in the condensﬁeyields a stag-

in the ordered regime, the _instak_)ilifcy Is signaled b_y the IOW'gered magnetization perpendicular to the field, whose order
est mode becoming negative within the formulation of this:

. . o s given by the wave vectdD.
subsection. We turn now to a consistent description of all o* ; -
, the t f tof23), th lace-
these phenomena in the ordered phase-H.). Using the transformed operatof23), and with replace

ment of the condensate parameter using the global constraint
of Eqg. (25), the Hamiltonian(8) is reexpressed to quadratic
B. Ordered phase(H . sH=H,) order in theb operators in the form

1. Magnon excitations H=O(b°)+0(b1)+ O(bz), (26)
In the intermediate-field regime, the ground state of each _ . L
dimer can be considered as a partially polarized FM configull” Which the classical part at zeroth order is given by
ration. It is important to note that there is no explicit AF 0y _ 2 N2 .22
component in the dimer ground state, and that the ordering O =N{(e, F"+e-g7)v"~eql ~uTw™(1+2fg)
emerges only from closing of the gap to the lowest magnon +304(f2—g?)?]}, (27
branch atk=Q. In the bond-operator formulation, this or-
dered ground state is represerited in the basis of Eq(4) ~ Where
by fini;e expectation values, t,, andt_ of thesg singlet. e,=J—ah (a==), (29)
and triplet operators. The component of the highest-lying
triplet mode in the ground-state condensate may appear N N
counterintuitive, and was neglected in a number of approxi- €=~ (29112321 J3). (29
mate t)rrea}rtmem‘g.'52 However, the presence of terms of the ¢ tarms at linear order may be written as
form ti. tj_s;s; in the transformed Hamiltonian of E¢9)
makes clear that a finite component of this state is required in g (p1)= UU(a(T,bQ+ +H.c){e, f2+e_g?
the consistent condensate.
Following the treatment of the preceding sections, the lin- +egl(U?—v?)(1+2fg) —v?(f2—g?)?]}
ear combination of operators appropriate for the ground-state T
mode is taken as the condensate, and the orthogonal mode +Uv(aghg-+H.c)[(—e.+e)fg
contain@ng a singlet component describes its gaple;s phase +eQ(u2+2fguz)(f2—g2)], (30)
fluctuations. For a full description of the ordered regime we
perform the transformatich and the requirement that this sum be zero fixes the parameter
choice (¢, ¢), which also minimizeO(b®). The equations
aj=us+o(fe'"it;, +geit; ), determining the two unitary transformations are then given
by

= gt )—pelQrig
b|+ Ll(ft|+ gtl*) ve Si, 6+f2+6792=—GQ[(UZ—UZ)(1+2fg)—l}2(f2—gz)2],

bio=tio, (—e.+e)fg=—eg(u?+2fgu?)(f2—g?).  (31)

b =ft_—gt., (23 The field dependence of the coefficienfs v?, f2, andg? is
shown in Fig. 6 for the parameters of both KCyGind

in which thek-independent coefficients, v, f, andg arise  TICuCl;. Below the critical field H<H_.), the ground state
from successive unitary transformations. The conditiohs is a pure singlet condensate specified Uy 1, v=0, f

+v?=1 and f2+g?=1 dictate thatu=cosé, v=sing, f =1, andg=0, i.e., by the anglesi ¢)=(0,0). Precisely at
=cos¢, andg=sin¢, with 6 and ¢ the two independent the critical field, wherai=1 andv =0 (#=0), g takes on a
variables required to specify the condensate. finite value whilef<1. In the intermediate regime) then
As above, the operata; is treated as a uniformly con- changes continuously from 0 t@/2. Except for the param-
densed mean-field parameter, eters of TICuC] and for fields close tél;, ¢ remains small,
reflecting the fact that mixing of the upper and lower triplet
a; —a. (24) modes is not generally strong. Finally, above the saturation

field (H=H,), the ground state becomes a pure condensate
Because the two unitary transformations conserve particlef the lowest triplet, which is described hy=0, v=1, f
number, the global constraint may be reduced in the=1, andg=0, or by (0,¢)=(7/2,0). The critical field is
Holstein-Primakoff representation to determined exactly as
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f2, andg? for (a) KCuCl; and (b) TICuCls.

he=gugHc= V32— 3(I;1+3,+233),

which coincides with the soft-mode conditig22) in the
low-field regime. For TICuGl (KCuCly), the parameters of
Table | give a critical fieldH.=5.6 T (19.6 T), consistent
with the measured valuieThe saturation field is determined

by the condition

hS= gMBHS=J+‘Jl+‘J2+ 2-]3

PHYSICAL REVIEW B59, 054423 (2004
Ho=2 | s b by + e bl_by_ +(ee.bl b +H.c)
k
1, 1,
+ 5 (A b by FHC)+ 5 (AL by by +H.e)

+(Al b b +H.c). (36)

For continuity of presentation, the expressions égr and

Ay are given in the AppendikEgs.(Al) and(A3)]. We note
that on setting ¢, ¢) =(0,0) the HamiltoniafjEgs.(27) and
(34)] reduces to that of the disordered phase given in Eq.
(13) with s=1 andu=—32J.

The O(b?) terms in Eq.(34) are diagonalized by two
separate Bogoliubov transformations which yield the ener-
gies of the collective modes of the condensate. Because the
triplet b, does not mix with the other two modeg(, is
diagonalized easily to give

Exo= Veio— Aor (37)

which describes the middle magnon branch in the ordered
phaseH.. is diagonalized by the transformation

— T T
ag=ug, b +up b +og bt +ogbt, (38

wherem= 1,2 denotes the two modes corresponding to each
value ofk, whence

He=2 ElaMall. (39
km

Ey' and ay' are then the eigenvalue and eigenvector for the
mode of branchm, and are related by the equation

€+ A & T Ak Uy Uk
Apr —€r Ayr — € vy _gm vy
Ex+ _Aki [ _Ak— UE.I_ Sk UE.'_
As —€&= Ao —&- | vt Up-

(40

This equation has four eigenvalues, of which two are posi-
tive, and we define the smaller of theseEgs, the dispersion

required to overcome all of the AF bonds to a single spin. relation of the lowest magnon mode, while the larger is de-
The spin excitations in the ordered phase are described Hined ask, for the highest mode. By the nature of the prob-
the quadratic term in Eq26),

where

1
HOZZK €xobiobro+ E(Alobkob—ko‘FH-C-)

and

O(b?)=Hg+H-,

lem, the other two eigenvalues areE, and —E, . In the
disordered phase,.=0=A,, =A,_, and Eq(40) reduces
to a 2x2 matrix form.

In the ordered phase abo¥t., the modeE, , is always
massless at the band minimur®, and develops a linear
dependence ok (in all three directions in reciprocal space
in the vicinity of this point[Fig. 7(a)]. This branch is the
Goldstone mode, which arises from the fact that rotation of
the staggered moment about the axis of broken symmetry
(the field axig does not change the energy of the system. It is
the staggered magnetic order induced perpendicular to the
applied magnetic field which breaks rotational symmetry
around the field axis. Mathematically, rotations of the in-
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FIG. 7. Dispersion of the three magnon modes in TIGLEE(a)
H=14 T>H, (cf. Ref. 9 and(b) the saturation fieldd=H.

FIG. 8. Field dependence of the energy gaps for the three mag-

duced moment are realized by changing the phadeantig non modes in TICuGl (a) Points are data from the INS experiment
in Eq. (23) (f—e Xf, g—eXg, where y is the rotation of Ref. 8, solid lines are the theoretical fit using the zero-field pa-

angle, and the invariance of the expressions under this trand@meters of Table I(b) Field-dependence at high fields, usigg

formation determines the gapless nature of the Goldstong 216 as they factor of TICUCk (Ref. 8.
mode. The remaining modes in Figay show that for fields o > o
close toH,. the overall shape of the dispersion relations is notcomes flat. Above this fieldu"<v) the minimum moves
strongly affected by the presence of the field while the fieldfom Q to a point in the middle of the zone, as shown for the
remains small on the scale of the mode energigs branch Eyo in Fig. 7(b), andEgy, then decreases with field
The field-dependence of magnon dispersion relations mayntil saturation. Finally, att=Hs, thek dependence of the
be characterized up to high fields using the expressions oBOWest '_”ﬂOdeEk+ , becomes quadratic again in the vicinity
tained forE,, , Exo, andE,_ with the zero-field parameters Of Q [Fig. 7(b)] as a gap opens to the lowest mode of the
of Table 1. Only in the disordered phaskl€H,.) does the fully saturated ferromagnéFig. 8b)]. For H>H; (see be-
magnon dispersion not change its shape, with a simple linedPW), the magnon modes decouple, the condensate has pure
splitting of the three branches developing due the ZeemaHiPlet character and the lowest excitation mode is a pure
interaction until the energy gap of the lowest mode is re-Singlet whose gap grows linearly with the field, as Hg,
duced to zero atl =H, . Above the critical field, the gap for and(with a slope greater by a factor of tW&y_ . The evo-
E.. ., the Goldstone mode of the ordered phase, remainition with field of the shape of the dispersion relations
Zero, as a Consequence of which the gaps of the h|ghéhrough the ordered phase is illustrated by F|g 7, where it is
modesE o andE,_, show an abrupt increase in slope-at clear that the lower branch changes rather little, the upper
[Fig. 8a), cf. Fig. 4]. The results of the bond-operator theory branch becomes progressively narrower until it is completely
(solid lines show quantitative agreement with the experi- nondispersive ats, and the middle branch is inverted as

mental measurements obtained by INS. discussed above.
Figure 8b) shows the predicted field dependence of the o
gaps for high fields: whil&,_ has monotonically increasing 2. Magnetization
behavior all the way to and beyortds, the gapEg, of the The theoretical framework also gives direct access to the

middle branch first increases with field, but then decrease§verage magnetization of the dimers in the ordered-phase

louin zone of dispersion minimum, which is determinedne field, whose normalized value is

largely by thee, term in the Appendix. As the magnetic

field is raised, the sign of the dispersive componept 1

changes on passing through the field at whiék v?, which M,=— > (.t —th t,_) (41)
for the parameters of TICuglcorresponds to 55 TFig. fONg I el

6(b)]. Below this value, where?>v?2, the minimum is ag,

while for fields close to 55 Ty?=v?) the dispersion be- and byM,, the perpendiculastaggerefimagnetization,
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1 (M)z(y) shows a linear field dependence closeHp and to
Hs, indicating thatM,,~ yH—H_ as expected from a mean-
field description.
For KCuCl, the magnetization parallel to the fielt()
is almost perfectly linear i [Fig. 9(a)], in good agreement
with experiment® If one neglects the upper triplet mode
(t_) in the condensate specified by Eg3), M, would be
completely linear inH, and because all interdimer interac-
tions are smal(Table ), KCuCl; is close to this limit. By
contrast, the interladder interactidn is considerably larger
L for TICuCl;, where mixing into the condensate of the
010 20 30 40 50 60 mode, mediated primarily by interactions of the tyﬁeiss
H[T] is significant. This point can be seen clearly by comparing
Figs. 6a) and Gb), where the value ofj? is considerably
larger for TICuC} than for KCuC} in the vicinity of H..
(b) Physically, the presence of the highest triplet in the conden-
sate costs Zeeman energy, which leads to a suppressign of
and consequenthi, is reduced neaH, for TICuCl;. This
causes a significant deviatiédue in fact to higher powers in
H—H,) from purely linear field dependence, as illustrated in
Fig. 9b), which is again in very good agreement with the
observed fornt. This result emphasizes the importance of
including thet_ triplet in a consistent description of the
ground state, which is required to account for the difference
between the magnetization curves of TICy@&hd KCuCh.

08

0.6

04}

02}

TICuCl,

M

04

02t

0 1 1 1 1
0 20 40 60 80 100
H[T) C. Saturated phase(H=Hy)

In the high-field regime the spins are fully polarized. In
the notation of Sec. Il B, the saturated phase is described by
10). The theoretical fits are made usigg-2.29 as they factor for ]S'B,(f))h: (77;2’0) in the Hamiltonian of Eq26), which speci- f th
KCuCl; (Ref. 10. (b) Normalized magnetization curves for les that _t e grOl_“md state b_ecomes apure condensate_ of the
TICUCl,. Open circles are experimental data fdr, measured at 10West triplet ¢, in the notation of Sec. Ill A This phase is
T=1.3 K (Ref. 57, and closed circles are data fd,, measured at characterized by a complete decoupling of the triplet modes,

T=0.2 K (Ref. 6. The theoretical fits are made using the sagne by & finite energy gap to the lowest mode, which corresponds
factor for TICuC} as in Fig. 8. to an excitation from the triplet ground state to a singlet, and

by the fact that the highest triplet mode becomes dispersion-
1 _ less[Fig. 7(b)]. In this regime the interaction terrH,, be-
Mxyzﬁ 2 €' Ni(S—Six) tween the lowest and highest triplet branches in Ed)
: becomes an on-site potential term for magnons, and does
1 . not assist their propagation, so there is no first-order hopping
=N E e'Q'ri<siJr(ti+ +tj_)+H.c), (42 process for this branch. A possible second-order process ex-
: ists for propagation of the upper triplet by creation of two
wherei labels the dimers angt - -) signifies an expectation singlets in a virtual process due to the tesfis/t; t;_ in
value calculated using the operatarg' in Eq. (38). The  Hs:. The quantitative effect of this term on the dispersion
mean-field magnetizations, normalized to their values aEx- is expected to be very small, but the process may also

FIG. 9. (a) Normalized magnetization curves for KCuCDpen
circles are experimental data ftMt, measured af=1.3 K (Ref.

saturation are given by have a qualitative role in mediating the decay ofmagnons
into two singlet modesgbearing in mind the triplet nature of
M,=v*(f*~g?), (43)  the condensajeWith energy and momentum conservation
specified according to
M, = \2uu(f+g). (44)
These expressions corresponda® cq(ntrlbgtlons, and are Ep = (Exrqr +Ex_qs), (45)
supplemented by terms of the forme«, , which correspond q

to quantum corrections due to magnon excitations. Both con-

tributions are shown in Figs.(8 and 9b), but the quantum this may lead to a finite lifetime for the highest triplet exci-
corrections are found to be small, presumably as a result ghtions. We note also that this process is possible for fields
the three-dimensionality of the KCuChnd TICuC} sys- H <H=<H, and provides one reason for which the upper
tems. In both cases the square of the staggered momemtagnon mode may become broad at high magnetic fields.
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IV. PRESSURE-INDUCED ORDER 8
H=
In Sec. Il we have discussed field-induced magnetic or- °
der in a quantum spin system, which can be understood _6 |
qualitatively as the consequence of the lowering of one of S
the triplet modes by the applied magnetic field to the point E47
where it becomes soft, and the ordered phases is favored. i’ p=1
Another way in which the magnon modes may soften, caus- 27
ing the onset of magnetic order, is by increasing the inter- \/P =P
dimer interactions, broadening the magnon band. The appli- 0 . .
cation of pressure is expected to have just this effect, and for B C D A Y

the small-gap system TICuCthis type of prel)g_sure-induced FIG. 10. Threefold degenerate triplet magnon dispersion at zero
AF order was found recently by Oosaw&al:™ in neutron-  fe|q. pashed and solid lines correspond, respectively, to atmo-
diffraction experiments conducted under a fixed hydrostatiGpheric p=1) and critical p=p.=1.018) pressures.

pressureP=1.48 GPa.

As noted in Sec. I, this type of “pressure-induced” mag- cy-cl-Cl-Cu pathways, although the latter may also have
netic QPT provided the first application of the bond-operator.qniriputions from theX™ ion. We assumedbased on the
formulation to ordered phasé$in the disordered phase the experimental observation of the QPffatJ, andJ, increase
three magnon modes are degeneratéiatO for all cou-  yith the pressur®. For the functional form of this increase,
plings, including at the QCP where they are gapless at thg,e exact dependence of superexchange interactions on bond
wave vectorQ characterizing the incipient magnetic order. |engths and angles remains a topic active research, and in the
The excitations of the ordered AF consist of two spin wavesgpsence of structural data under pressure we will attempt to
which are the conventional phase mod@®ldstone modes it this form with minimal assumptions. We take the interlad-

of the ordered moment, and a third which corresponds 10 it§er interactions to change with applied pressure according to
amplitude fluctuations and is generally not relevant for the

low-energy dynamics, but may become low-lying close to J,(P)=p(P)J

the QCP® The ordered phase is described in the bond- 2 2
operator approach by a condensation of one of the triplet B
operators, conventionally taken aIsin Eqg. (1), and in Ref. J3(P)=p(P)Js, (46)

28 this was treated as a separate condensate in order 10 Qhperep(P) is a dimensionless function of the real pressure
tain an effective description of the ordered phase close to ths and the values al,, (J2) andJ; (3;) atp=1 are listed in
2 2 3 3 -

QCP. 'Iéable I. We begin by analyzing the situation where the inter-

A complete account of the changes to the superexchangadder interactions are simply increased by a fagtoand
interactions caused by the application of a hydrostatic pres: : . N .
© ey bp yd b then discuss the experimental determination of the function

sure would require a detailed structural investigation of the

alterations to bond lengths and angles. Such a study lies b@-(P)'

yond the scope of the current analysis, the aim of which is to

characterize the changes in physical properties through the A. No magnetic field

QPT. We thus employ qualitative arguments based on the ity 4 view to the simultaneous application of field and

considerations of Sec. Il for the probable evolution of thepressure(belovw, we discuss the pressure-induced QPT using

coupling constants in thXCuCl structure, and use this as pe triplet operators ., , to, andt_, Egs.(4), which were

the foundation for a plausible model. _ introduced for the field-induced QPT, rather than in the
The structural unit composed of CyGbctahedra is not  «naiiral” basis of operators,, t,, andt,, Egs.(1). In the

expected to undergo significant changes except at rather higlhsence of a magnetic field, try1e magnon dispersion in the

pressures, and so we assume here that the dimer codpéng gisordered phase is given by E(.6) with h=0, and the

unaltered. The leading effects of hydrostatic pressure are ®%ingle branch is triply degenerate. The dispersion, shown at

pected to be a small longitudinal compression of the |addeétmospheric pressure by the dashed line in Fig(cEOFig.
units, and, due to the absence of strong covalent bonds in tfgﬁ is given by

transverse directions, a somewhat larger reduction in their
separation. These changes generally involve small reductions N o
in bond lengths and more significant distortions of the bond Ei= I+ 2Je (47)

E\ngles. Considering next the effective interdimer COUP"ng\Nhereek is defined in Eq(19) but with J, andJ; now given
J;=2J;—J; (in the notation of Sec. J] any small increase py Eq. (46). As pressure is increased, the maximal positive
in ladder-leg coupling); is likely to be offset to a consider- and negative values of, are enhanced, the bandwidth in-
able extent by similar changes in the diagonal coupllig  creases and the dispersion minimgspin gap decreases. It

so we will also neglect the pressure-induced alteration of thigs clear from Fig. 10 that the low-energy part of the magnon
parameter in the following simplified treatment. The leadingspectrum is particularly sensitive to the pressure, whereas the
pressure effects are thus expected to involve the alteration diigher-energy parts are scarcely affected. This result is a
the parameterd; andJ;, both of which are determined by simple consequence of the square-root form of E),
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which amplifies the changes B, where the two terms are 8 — 105 >
close to mutual cancellation, i.e., in the vicinity of the band Z__ o- Pe
minimum Q. 6
The magnon modes become sdig=0, at a critical = }
pressurep., where the enhanced interladder interactions fa- GEJ 4\
vor a long-ranged AF spin order over a gapped dimer phase. —
The dimensionless pressyp¢P) at the critical pressure for w o | S
the parameters of TICugls ./ 1 amplitude mode
2 phase modes —
_ 07 °s c D A c
pC—J2+2J3—1.018, (48

. . . . FIG. 11. Magnon dispersion relations in pressure-induced AF
from which one notes immediately that the critical Pressur§nase at zero field, showing two degenerate phase mtis

represents only a very small fractional increase.in line) and one amplitude modelashed ling
Expansion of ¢ in Eq. (47) around Q, eq:x=¢€q
+ e, yields a dispersion The magnon mode dispersion relations are then given by

Egt o= \/Eé-i- 2J0€y. (49 Evo= /eﬁa_ Aﬁw (55)

Becausex, contains cosine terms ik which are minimal at
Q, J¢, is quadratic indk, and at the critical pressuig, has
a linear k-dependence aroun@ [Fig. 10]. This stands in
explicit contrast to the case of field-induced order, where th
single low-lying magnon retains a quadratic dependende on

at the critical field where it softens. o . ; ) ¢ .
Increasing the pressure beyopdinduces the AF ordered with linear dispersion around this point. These are the spin
phase, which may be described by the same operator trang@ves of the ordered magnet, or Goldstone modes; their
magnetic moment fluctuates in the plane perpendicular to the

formation as in Sec. lll. In the absence of an applied mag7nduced moment, demonstrating their role as the transverse
netic field, the coupled triplets, andt_ are equivalent and ' g

o i . . phase modes. The remaining mdgg, has a finite gap and
f—g—_l/\[f (¢=ml4) in Eq. (23)._We note here that this corresponds to fluctuations in the direction of the induced
combination in fact restores the eigenvectigrandt, in Eq.

: , moment, confirming that this is the longitudinal, or ampli-
(1), referred to above as the “natural basis” for the field-free F .
problem. Using theb operators defined in Eq23), the tude, mode of the pressure-induced AF phase. This is the

N . K splitting of the threefold degenerate triplet modes expected
Hamiltonian at quadratic order takes the symmetrical form from previous studies of coupling-induced AF order in

gapped spin systeni®?4?8The excitation gap of the ampli-

and are illustrated in Fig. 11. With this choice of coordinates

the staggered magnetic moment is developed alonﬁ thes
én spin space, as the transformed magnon opetatoris
preciselyt, of Eq. (1). It is clear that the other two modes
remain degenerate, and thaf, andE,_ are gapless af

HotH~= EO H, (50) tude mode may be written as
a=+,0,—
with Eq+ =2uvy2+ uv?
. o \/ 1 (J)\? 1 [ J3)?
HaZEK [ €kabrabra™t 2 (AkPrab ket H.C)]. (5D =2V|z~ 4e, 2+ 7- deg) | (56)
The matrix elements are given by and |tS eVOIUtion W|th applled pressure iS ShOWn in Flg 12.
We turn next to a discussion of the pressure dependence
ek =J(UZ—v?) —8Bequ?v?+ (U —v?) %€y, of the interladder superexchange parameters, i.e., to a deter-
6k0=Ek_=Ju2—46Qu2v2+(u2—vz)ek, 5
H=0
A = (u?=v?)%e, at
Ao=—Ap-=¢, (52 33
where :“2 1 amplitude mode
1 J 1 J 1r 2 phase modes
2_Z 4 2= —— 53 Pe
U2 (Caeg) VT2 (“deg) 53 o L . .
1.0 1.1 1.2 1.3 14
and
p
1 . .
__ - FIG. 12. Pressure-dependence of spin gaps for phase and ampli-
= + + :
€Q Z[Jl P(J2+2J5)] (54 tude modes.
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08 - - - above the value required to distinguish the amplitude mode
from the spin waves and magnetic Bragg peaks in INS ex-
086 | periments, which may thus be performed at lower pressures
and with larger samples. TICugCtherefore offers an ideal
f 04 system for observation of the amplitude mode, and for the
measurement of its dispersion over a significant portion of
02 | the Brillouin zone. These measurements could be used to test
the hypothesis that the amplitude mode is broad, and poten-
0.0 . . . tially ill-defined, due to the possibility of decay processes
1.0 141 12 1.3 1.4 into pairs of spin wave¥ The gap of the amplitude mode
p may also be measured from the location of additional contri-

FIG. 13. Pressure-dependence of induced staggered mome
M,, in TICUCl; at zero field. The normalization is to a saturated
moment of 1.

ﬁhjtions to  susceptibility, nuclear-magnetic-resonance
MR), and electron-spin-resonance signals.

We conclude this section by noting the two qualitative
differences between the pressure-induced QPT and the field-
mination of p(P). The staggered moment grows with in- induced situation discussed in Sec. Ill. The first concerns the

creasing pressure in the ordered phase as shown in Fig. 18/€aking of symmetry in real space and in spin space. In the
and close to the critical pressure it has the mean-field expdi€ld-induced case the plane of the staggered moment is dic-
nenthyoc(p—pc)l/z. Unlike the field-induced order. there tated by the applied magnetic field, and its direction within
is no uniform magnetization at zero field, which is reflectedth® Plane is determined by a spontaneous breaking of the
in the theoretical description by the relatiér g. The criti- ~ O(2) Symmetry. Rotation of the moment corresponds to the
cal pressure has been found to be approximately single Gc_)ldstone mod.e. In the_ pressure-induced case there is
=2 kbar}” By expanding the function at the critical pres- no coupling of the spin direction to the crystal ax@s the
sure, a crude determination pfP) may be made by assum- absence of additional terms in the Hamiltonian which are not
ing the form introduced herg the development of AF order requires a
spontaneous breaking of(8 symmetry, and two Goldstone
P(P)—pe=B1(P—P.)+ B(P—P,)?, (57) modes specify the rotations of the staggered moment. Here

we have for convenience chosen thelirection, but the re-

where 3, and 3, are constants to be determined from sults are identical to bond-operator treatments choosing any

— .= B1(Pg—P.)+ Bo(Py—P.)2, 58 other symmetry-breaking axis. The second difference con-
Po~Po=Bu(Po=Pc)* B2(Po=Pe) 8 cerns the triplet modes participating in the condensate in the
P1—Pe=B1(P1—Po)+ B P1— P.)2. (59) bond-operator description. In the field-induced case the ap-

plied magnetic field lowers the symmetry of the system in a
The three known data points afi¢ atmospheric pressuf®  manner such that only one mode is driven to become mass-
=Py, where po=1; (ii) the critical pressureP=P, less at the QPT. It is this mode whose mixing into the singlet
=2 kbar, wherep=p.=1.018; and(iii) P=P;=1.48 GPa determines both the primary ground-state properties of the
(14.8 kbay, where the staggered magnetizatidn, has at- ordered phase and the nature of the phase fluctuatian
tained 60% of its saturation vald®which corresponds to Goldstone mode while the small admixture of the highest
p;=1.4 (Fig. 13. With these values the prefactors of the triplet is required primarily for consistency. In the pressure-
lowest orders in the expansion a3 =0.012 kbar! and induced case the degeneracy of the magnons is lifted only by
B,=0.0014 kbar?. The relative decrease in magnitude of the spontaneous breaking of symmetry, and the condensate is
these coefficients suggests that higher orders may not be sigpmposed only of the singlet and the tripléeg)(which con-
nificant, although a detailed experimental determination isstitutes the amplitude mode, i.e., the Goldstone mdgp®s
awaited. In the vicinity of the critical pressure, the finite waves explicitly do not form a part of the condensate. These
linear term in the pressure dependence(®) leads to an two features are responsible for the differences between
exponentM,,o(P—P,)*2 The most important qualitative

observation arising from these considerations is that obtain- 8
ing a critical pressure d?.=2 kbar is straightforward in the
laboratory, which in practice implies that experiments prob- 61
ing the properties of the TICugkystem on both sides of the
pressure-induced QPT could be performed on samples of Eal AF
considerable volume. T
The pressure-dependence of the spin gap of the amplitude 5 disorder
mode(56), shown in Fig. 12, is similar to that of the induced
staggered momentFig. 13, as both depend in a similar
manner on the singlet-triplet mixing coefficieAit Under a %o 1 > 3 4

pressure of 1.48 GPa, where the neutron-diffraction experi- P[kbar]
ment revealing magnetic order was performed, we estimate
the gap of the amplitude mode to be 5 meV. This is well  FIG. 14. Phase diagram for the model in fhe-H plane.
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8 : 1.0 :
p=105<p, p=1<p, (a)
o | H=5T 08 | ,
5 06 |
£4
i 04
2f 02
0 : - 0.0 :
B C D A C 0 20 40 60 80 100
N o : HT]
FIG. 15. Magnon dispersion relations in the pressure-induced
AF phase under a magnetic fiehtl=5 T<H.. 1.0 .
L » P=pc (b)
pressure- and field-induced QPTs at the level of quantities 08 | M,, M,
such as critical exponentbelow). Because the field acts to
break the symmetries responsible for the properties of the 06 f
pressure-induced QPT, any studies of quantum criticality un-
der simultaneous application of finite field and pressure are 041
dominated by the behavior of the field-induced QPT. 02 |
B. Finite magnetic field 0.0 L
0 20 40 60 80 100

Magnetic fields and hydrostatic pressure may be regarded
as cooperating factors in the stabilization of an AF ordered
phase. One may thus determine the phase boundary between
magnetically ordered and disordered phases, and this is
shown in the estimateB—H phase diagram in Fig. 14. The
phase boundary is determined by the condition

gugH=I2=J[J;+p(P)(J+233)]. (60)

The leading linear dependence of the superexchange on pres-
sure in the vicinity ofP. results in the phase boundary hav-
ing the formH < (P.—P)¥2 We note that the phases on
both sides of the boundary show considerable evolution
across the phase diagram in properties such as the uniform
and staggered magnetic moments, and the splitting and dis-
persion of the magnon modes, as a function of the ratid of

0 20 40 60 80
HIT]

100

FIG. 17. Normalized magnetization curves for TICyCd) in

to P.

As noted in the preceding subsection, the degeneracy argpc)_ M, andM

the disordered phasep&1<p.); (b) at the critical pressurep(
=p.); and(c) in the pressure-induced AF-ordered phape- (.05
xy denote respectively the uniform and staggered

dispersion of the magnon modes in the pressure—induce,qagnetizations, and we have takeg-gactor of 2.16.

0 5 10 15 20

ordered phase are altered significantly in the presence of a
magnetic field. A finite field lifts the degeneracy of the trans-
verse spin waves because their spin-fluctuation directigns (
and z here are no longer equivalent. The field causes the
mixing of the amplitude modé&, . with the phase mode
Er_, and the mixing coefficient changes frogh= 7/4 at
zero field togp=0 in the high-field limit, where the modes
andt_ are again the appropriate eigenstates. Figure 15 shows
the dispersion relations for the three nondegenerate modes at
a pressurg>p, for a finite magnetic field. The qualitative
features of the spectra are manifestly dominated by the ap-
plied field, and only one Goldstone mode remains. In Fig. 15

FIG. 16. Magnetic-field dependence of spin gaps in theWe have redefined th? lower and upper magnon br_anches as
pressure-induced AF phase, illustratedier 1.05. The dashed line Ey+ andE,_, respectively, as in the study of field-induced
shows the behavior of the highest mode at the critical pressure. Therder (Sec. IlI).

spin gap of the middle branch, which is a spin wavéat0, is the

same forp=p, andp>p,.

Figure 16 shows the field dependence of the spin gaps of
the three branches in the pressure-induced ordered phase
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TABLE Il. Exponent for magnetization curves. The behavior of the two magnetization components in the
vicinity of the critical fields is summarized by
P<pc P=Pc p>pc p
J—-2J
M, y=1 y=3 y=1 ———(h—=hy) (P<P¢)
Myy y=3 y=1 y=2 J'(3]—4J")
M= L e (P=pc) (62
p>p., with the same labeling convention as before. The z (23")3 ¢
middle branch does not mix with the upper and lower ,
branches even at a finite field, Bg, shows a linear increase 2J"~J (p>pe)
from zero which is in fact independent pffor all p=p.. | (23")2

Because the amplitude mode has a finite excitation gap for )
p>p. at h=0, the gap grows only quadratically at small for the uniform component, and
fields (linearly atp=p.). It is clear that the amplitude mode p 12

is adiabatically connected to the upper magnon branch of the V2217 (h—hy)¥2 (p<pe)
field-only problem p<p.), which for p>p. is retrieved in J'(3J—-4J") ¢ ¢
the high-field limit by a continuous alteration of the mixing
coefficient¢ under the external magnetic field. 6Mxy:< 1 h (P=po) (63
J23
C. Magnetization 3J-23'
. . . . . 2

We conclude this section by discussing the uniform and 2 a2 2 (P>Ppc)

staggered magnetization of TICyCInder finite pressure, for | 8J7V(297)7=J

which we define the magnetization exponent near the criticaflor the staggered component, whefedenotes the quantity
field by |eo| defined in Eq.(54). The magnetization exponents are
collected in Table II.
SM=M(H)—=M(H.)<(H-H,)". (61)

Figure 17 shows the behavior of both magnetization compo- V. SUMMARY

nents for the three regim@s<p., p=p., andp>p;. In the We have used a bond-operator model for TIGu&l zero
disordered phasiig. 17a)], the critical fieldh(p) is finite  temperature to provide a complete description of quantum
(Fig. 14 and the uniform magnetizatidv, shows an appar- phase transitionéQPTS in interacting spin—dimer systems
ent nonlinear field dependence over a significant field rangeyriven by both magnetic field and hydrostatic pressure. The
as discussed in Sec. Ill B. However, close to the critical fielqﬂagnetica"y ordered and disordered phases were character-
the leading power-law dependence is linear=(1), reflect-  jzed by analyzing both the dispersion relations of the triplet
ing the fact that the difference between TICy@hd KCuCt  magnon modes and the staggered and uniform magnetiza-
arising from stronger interdimer coupling is only quantitativetions as functions of field and pressure. At zero field and
in nature. The staggered momeMt,, has the mean-field ambient pressure, a minimal coupled-dimer model gives a
exponenty=1/2 expected for a gapped pha&ec. IlIB.  very good account of the magnon dispersions both in
These exponents may also be deduced by considering thCuCl;, despite 3D interdimer interactions which are al-
dependence of the magnetizations on the coeffiaciéiEgs.  most sufficiently strong to close the spin gap, and in the
(43) and(44)], which specifies the mixing of the triplet mag- structural analog KCuGl where interdimer coupling is
nons into the singlet ground stat@3), given thatv®s<H  \eaker. At finite fields the bond-operator framework pro-
—H_ in the disordered phase. Increasing the pressure causggles a continuous description of the low-field, dimer-singlet
a decrease bl (p) until it reaches zero at the critical pres- phase, the intermediate-field regime of partgihggered and
sure[H¢(pc) =0] as in Fig. 14. In this cadérig. 17b)] both  uniform) magnetic order, and the fully polarized, classical
magnetizations develop frori=0; the field induces a linear phase at high fields. Under pressure the spin gap of the quan-
mixing of singlets and triplets in the ground staiesH, and  tum dimer phase decreases monotonically to a single transi-
M, depends also on the different&—g? of the weights of tion into a phase of staggered magnetic order. The evolution
thet, andt_ modedEq.(43)], whose field-induced splitting of the order parameters through the QCPs separating these
is linear whencey=3. M,, is not sensitive to the latter regimes is continuous.

splitting [Eq. (44)], and depends only linearly on the singlet-  Considering first the gapped system at ambient pressure,
triplet admixture, yieldingy=1. Finally, the ordered phase the magnetic excitations at low fields are merely the
at p>p. [Fig. 17c)] has a finite staggered magnetization atZeeman-split magnons of the zero-field case, whose disper-
zero field, andv has a finite value aH=0, leading toy  sion is unaltered by any field up to the lower critical field
=1 for M,. The uniform component appears to show aH., where the spin gap is closed. In the high-field regime
similar deviation from linearity as in the disordered phaseabove Hg, the excitations are precisely the gapped spin
but for similar reasons the leading field dependence is in faclvaves expected in a fully polarized antiferromagnetHat,
linear (y=1), close toH=0. a QPT takes place to an intermediate-field phase character-
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ized by an antiferr(_)ma_gnetic order of the _tral_"nsverse com_p(gzkarb_kJr [Eq. (36)] as a consequence of the condensation
nent of the magnetization, and by one excitation mode Whiclyt the modet, . A recent numerical analysis of the scaling
is massless at the Bragg point. This magnon has a readynonents of the magnetization in the ordered re§irhas
interpretation as the phase fluctuation mofgoldstone  qpfirmed that the BEC scenario provides a suitable descrip-
modg of a_condensate of_mlxed singlet and triplet Char_aCte'ﬁon of the QPT, and is universally valid for all interdimer
on each dimer rung for fieldsl.<H<Hs. Because of its .4 plings. However, one should be aware that away from the
gapless ngture the phase modg dqmmatgs thg response of ESQT it is necessary to modify the magnon mode that forms
system "%t intermediate magnetic fields, 'F‘C'“_d'“g most nOtat'he condensate to a linear combination of the dimer singlet
bly the field-dependence of the magnetization close to the‘omd two of the triplet components to describe the ground

QCPs. The bond-operator description of the ground state is State in the ordered phase across the entire parameter region.

linear combination of singlets and triplets, which changes . : . s
continuously from pure singlet character ldt to a pure The theoret_|cal analy3|§ c.)f QPTS. IS pften limited by the
absence of suitable descriptions valid simultaneously for the

triplet state atHs. The description of the phase mode is in both sid £ th " A .
good quantitative agreement with recent INS measuremenf1ases on both sides of the transition. Approximate ap-
proaches applied in one phase or the other are fated not to

performed atH>H,.° : 12 _
If the QPT is interpreted as a destabilization of the disor-cONVerge on a single transition point, and thus cannot pro-
dered phase when one or more of its magnon modes beconyide a continuous evolution in phy3|cal_pr0pertles across t_he
soft, a second route to an ordered phase is provided by tHEansition. The bond-operator formulation for the magnetic
application of hydrostatic pressure to enhance the interdimg@PTs in spin-dimer systems is appropriate for both disor-
interactions and broaden the magnon band. In this situatiofiered and ordered phases, and thus represents an exceptional
the gapped magnons of the quantum dimer phase remafase illustrating the continuity of physical properties across
triply degenerate as the gap decreases, until at the quantusnch transitions. Here we note, however, in the context of
critical point one obtains a phase with three spin waves. ATICuCl;, that two recent, high-resolution experimental
further increase of the interdimer couplings leads to a constudie§®®! have revealed a small discontinuity at the order-
ventional antiferromagnet with two spin waves—gaplessing transition. The weakly first-order magnetic phase transi-
(Goldstone, transverse, phase modes of the staggered ordéion is accompanied by a simultaneous structural distortion,
parameter—accompanied by one longitudinal mode whiclpresumably as a consequence of magnetoelastic coupling
develops a gap and corresponds to amplitude fluctuations e¥hich is not included in the present analysis. The nature of
the staggered moment. The appearance of pressure-inducthis coupled transition awaits further investigation. We com-
order in TICuC} has recently been confirmed by ment briefly that the remarkable success of the bond-operator
experiment® which enable one to conclude that the critical framework for the global phase diagrams of TICy@hd
pressure for the QPT is very sma# result now confirmed KCuCl; rests to a considerable extent on the fact that the
experimentally’), thus presenting a valuable additional con-dimer system has significant coupling in all three spatial di-
trol parameter for the experimental characterization of QPTenensions, as a result of which the mean-field approximations
in the TICuC}k system. employed here are highly accurate. This is reflected in the
Both magnetic-field- and pressure-induced ordering tranlarge value of the singlet condensate parameters in the dis-
sitions can be interpreted as a condensation of low-lyingrdered phases of TICugand KCuCl, which deviate from
magnon modes, whose linear combination with the singletinity due to quantum fluctuations by at most 3%. The dimen-
describes the ground state of the ordered phase. Indeed, th®nality of the system is also responsible for the success of
fact that the modes become soft at wave vec@r the approximation thatthe constraint is applied only globally.
=(0,0,27) in both cases suggests a strong similarity be-This approach remains appropriate if it is possible for dimer
tween the QPTs driven by both magnetic field and pressurdriplets, which are effectively hard-core bosons, to avoid
However, we have shown also that an important, if quantitaeach other by perpendicular hopping processes. Only in one
tive, difference exists concerning the degeneracy of the magdimension(1D) is this no longer possible, and so the bond-
non modes and the breaking of rotational symmetry in theoperator treatment of the isolated spin ladder would require a
ordered phase. While the pressure-induced transition is chamore systematic application of the local constraint in order to
acterized by two Goldstone modes and a spontaneous brealeproduce the incommensurate excitations unique to 1D.
ing of the full O(3) symmetry of spin space, the field-induced We close by summarizing the experimental possibilities
transition has only one Goldstone mode corresponding to affered by the study of QPTs in magnetic systems. While
spontaneous breaking of(2) symmetry in the plane normal some experiments are now under way to investigate the
to the applied field. field-induced QPT, most notably by inelastic neutron scatter-
Returning to the description of the ordered magneticing to measure the magnon modes both below and above the
phase as a Bose-Einstein condensatiBBC) of magnons, transition, much scope remains for deeper analysis by tech-
the bond-operator formulation provides considerable addiniques including NMR. The application of pressure offers a
tional insight into this approach. The Goldstone mode of thevery promising field for future studies. The experimental re-
ordered phase corresponds to the linearly dispersive “soundSult of robust magnetic order at high pressure shows that it is
mode connected with BEC. The associated creation and ampossible to achieve a genuine tuning of superexchange con-
nihilation processes arise from the ftriplet-triplet interactionstants through the QPT by the application of hydrostatic
Hy, Which in the ordered phase generates terms of the formpressure. Further, the rather small pressures required imply
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the possibility of a variety of measurements, including APPENDIX
pressure-dependent specific heat, magnetization, magnetic . _ :
susceptibility, elastic neutron scattering for the magnetic or- th?;ggrrﬁ;edsﬁgé?ﬁoﬁ?fggsgnSu?c{jri?i?: Aokrl dgfeif {Ee
der parameter and inelastic neutron scattering for magnog.; let modes(36). The energies areq ven b

dispersion relations. All of these quantities may be measure P ' 9 9 y

through the continuous QPT, and in combination with ongo-¢, . = (¢, f2+ e g%)(U2—0?)+ Co—2uv2eq+ (Ut + 0% g
ing field-dependent studies yield the possibility of obtaining

a complete experimental map of the QPT from magnetic or- —utv?[4fg+(f2—g%)?] (et €9),
der to quantum disorder in TICuglWe have provided a ) ) 5 _
number of predictions for the properties of the phases in this o= €0~V (€, f +e_g9)+Cot+(U"—v7) e,

map, including most notably the evolution of the magnon s o 2 NI
dispersion relations and the magnetization exponents furfk-=€+9°+€-F"—v(€e, 7+ €397 +v(17=g%) o+ Co
nished in Table II. In this connection we also stress the pos- 2_ 182422

- . . . +(U 4f gv )Ek!

sibility of performing experiments to detect the amplitude

mode in the pressure-induced ordered phase, which shoulde, , =u(—e, +e_)fg—uv?(1—2fg)(f>—g?) (e + €0,
be visible in susceptibility and NMR measurements, as well

as by inelastic neutron scattering. In conclusion, the phenom- €,=J—ah (a=+,0-), (A1)
ena of field- and pressure-induced magnetic order provide

excellent examples of quantum phase transitions readily Coﬁ/yhereek 's given by Eq.(18) and

trolled by experiment. Co=—egl2uPv?(1+2fg)—v*(f2=g?)?], (A2
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