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Frustration-induced two-dimensional quantum disordered phase in piperazinium
hexachlorodicuprate
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Piperazinium hexachlorodicuprate is shown to be a frustrated quasi-two-dimensional quantum Heisenberg
antiferromagnet with a gapped spectrum. Zero-field inelastic neutron scattering and susceptibility and specific-
heat measurements as a function of applied magnetic field are presented. AtT51.5 K, the magnetic excitation
spectrum is dominated by a single propagating mode with a gap,D51 meV, and bandwidth of'1.8 meV in
the (h0l ) plane. The mode has no dispersion along theb* direction indicating that neighboringa-c planes of
the triclinic structure are magnetically decoupled. The heat capacity shows a reduction of the gap as a function
of applied magnetic field in agreement with a singlet-triplet excitation spectrum. A field-induced ordered phase
is observed in heat capacity and magnetic susceptibility measurements for magnetic fields greater thanHc1

'7.5 T. Analysis of the neutron-scattering data reveals the important exchange interactions and indicates that
some of these are highly frustrated.
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I. INTRODUCTION

Among physical systems that display collective mac
scopic quantum phenomena, interacting spin systems are
haps the most experimentally informative. Many quali
tively different model systems are available, and there
numerous experimental tools providing access to spatial
temporal correlations on microscopic, mesoscopic, and m
roscopic scales. Owing to their relative simplicity, much
tention has been devoted to one-dimensional systems,
as the spinS51 Haldane chain,1 the even-legS51/2 spin
ladders,2–4 and dimerized ~alternating bond! S51/2
chains.5–7 However, it has long been a quest for theorists a
experimentalists alike to find analogous cooperative sin
ground-state magnetism in higher dimensions.

For the two-dimensionalS51/2 quantum Heisenberg an
tiferromagnet ~2D QHAFM!, a nontrivial quantum-
disordered spin-gap phase with a singlet ground state in
vicinity of a quantum-critical point has been studied exte
sively by theorists in relation to the magnetic properties
layered cuprate superconductors.8,9 Several models were
suggested to fall into this quantum-disordered phase, ran
from simple quantum dimer models,10 and a valence bond
crystal favored by frustration on the 2D square lattice,11,12 to
the quantumkagome´ antiferromagnet13–15 and the long-
sought spin-liquid resonating valence bond~RVB! state.16,17

While there are numerous materials which, like the laye
cuprates, fall into the renormalized-classical region of
phase diagram of the 2D QHAFM, realizations of quantu
disordered 2D spin systems close to the quantum crit
point are scarce.

There are higher dimensional coupled spin dimer syste
such as the three-dimensional dimer networks Cs3Cr2Br9,18

KCuCl3,19,20 and TlCuCl3,21,22 and the quasi-2D materia
BaCuSi2O6.23 However, as with strongly dimerized linea
chains such as Cu(NO3)2•2.5D2O,5 correlations in these sys
0163-1829/2001/64~14!/144405~10!/$20.00 64 1444
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tems are dominated by isolated spin pairs. For different r
sons, this is also the case in the two-dimensional frustra
spin system SrCu2(BO3)2.24 In that material, triplet excita-
tions are localized because of the frustrating symmetry of
interactions.25 Here we report a frustration-induced spi
singlet phase with a gapped spectrum in the metalo-org
compound piperazinium hexachlorodicuprate~PHCC!. The
important distinction from otherD.1 singlet systems is tha
there are uniform extensive paths of interaction spanning
quasi-2D plane and the strongly correlated spin cluster
PHCC involves several spin pairs. Even so there is a s
gap in the excitation spectrum, and no magnetic phase t
sition in the absence of a magnetic field.

These results were obtained through an extensive cha
terization of PHCC using magnetic susceptibility, speci
heat, and inelastic neutron-scattering measurements.
findings correct previous reports that suggest that PHCC
an alternating spin chain system.26–28In agreement with pre-
vious thermodynamic data, we find a triplet mode with a s
gap D51 meV, and a bandwidth of 1.8 meV. Howeve
rather than the dispersion being confined to the puta
chain directionc, we observe dispersion throughout thea-c
plane. In addition, our analysis of the wave-vector-depend
scattering intensity shows that no fewer than five spin pa
are strongly correlated. Two of these providepositivecontri-
butions to the ground-state energy, indicating the presenc
frustration. We also present evidence for a field-induc
magnetic phase transition that provides an interesting
ample of quantum critical behavior in a frustrated quasi-tw
dimensional spin system.

II. PIPERAZINIUM HEXACHLORODICUPRATE

Piperazinium hexachlorodicuprate ~PHCC!,
(C4H12N2)Cu2Cl6, has a triclinic crystal structure with spac
group P1̄, and room-temperature lattice constantsa
©2001 The American Physical Society05-1
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57.984(4) Å, b57.054(4) Å, c56.104(3) Å, and a
5111.23(8)°, b599.95(9)°, and g581.26(7)°. ~We use
the nomenclature of Ref. 26.! The lattice parameters at tem
perature T51.5 K were found to bea57.82(2), b
56.7(3), andc55.8(2) Å.

The crystal structure of PHCC is depicted in Fig. 1. F
ure 1~a! is a perspective drawing of the crystal structure
viewed along thea axis. Copper-chlorine layers in thea-c
plane are clearly visible. These are well separated from
another by the piperazinium dication rings. By rotating t
structure in Fig. 1~a! about thec axis, one obtains the view
shown in Fig. 1~b!, which depicts a single copper-chlorin
plane. The Cu21 ions have a distorted 411 coordination with
their neighboring chlorine atoms. The four short Cu-
bonds, with an average bond length of 2.30 Å, are appro
mately coplanar, with the long 2.62 Å Cu-Cl bond nea

FIG. 1. Crystal structure of piperazinium hexachlorodicupr
~PHCC!, (C4H12N2)(Cu2Cl6). ~a! View along thea axis showing
well-separated Cu-Cl planes.~b! A single Cu-Cl plane viewed along
the b axis, showing four unit cells. The dotted lines indicate po
sible halide-halide contacts~see text!. ~c! Cu-Cu interactions tha
contribute to the magnetic Hamiltonian~see Table I!. The line thick-
ness is proportional touJd^S0•Sd&u for each bond. The gray line
indicate frustrated bonds.
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perpendicular to this plane. With this coordination, the Cu21

spin density lies predominantly in the four-bond plane, a
therefore Cu-Cl-Cu superexchange interactions that invo
only the short Cu-Cl bonds should be stronger than th
involving the long bonds. On this basis, the magnetic Cu-
interaction indicated by bond 1 in Fig. 1~c! was predicted to
be stronger than bond 2,27 leading to the alternating chai
model.26–28 However, our neutron-scattering results sho
that while the spins interacting through bond 1 are indeed
most strongly correlated, Cu-Cu couplings not previou
considered, such as those due to the halide-halide con
shown as dotted lines in Fig. 1~b!, result in dispersion along
the a direction that is stronger than that alongc. As we will
show, PHCC contains a two-dimensional network of ma
netic interactions in thea-c plane. The Cu-Cu interaction
that we will consider in our analysis are numbered 1–8
Fig. 1~c!. Our results pertaining to these bonds are listed
Table I.

III. EXPERIMENTAL TECHNIQUES

Powder samples of PHCC were prepared by rapid coo
from 50 to 0 °C of 38% hydrochloric acid solutions contai
ing piperazinium dihydrochloride and copper~II ! chloride in
a 1:4 molar ratio.26 Single crystals were grown by slowl
reducing the temperature of similar saturated solutions fr
50 to 18 °C over 75 h. Seed crystals obtained in this man
were suspended in saturated solutions and grown further.
crystals typically grow as dark red tablets with~100! faces
providing the largest facets. Deuterated single crystals for
inelastic neutron-scattering measurements were produce
this manner from commercially available piperazinium (d8)
dihydrochloride and anhydrous copper chloride~II !, using
35% DCl in D2O as the solvent. The crystals were 89~1!%
deuterated, as determined by neutron activation analysis

Low-field dc magnetic susceptibility measurements w
performed on a powder sample of massm516 mg in the
temperature range 1.7,T,270 K using a superconductin
quantum interference device~SQUID! magnetometer. ac sus
ceptibility measurements using a balanced-coil suscept
eter were performed in the temperature range 0.125,T

e

-

TABLE I. Fractional coordinates~from Ref. 20!, bond lengths,
and corresponding values ofJd^S0•Sd& ~in meV! for the fits of the
PHCC inelastic neutron-scattering data including six and ei
Cu-Cu bonds. Bond numbers correspond to those depicted in
1~c!.

Bond
number x/a y/b z/c udu (Å )

6 bonds
JdW^S0•SdW&

8 bonds
JdW^S0•SdW&

1 20.19 0.12 0.51 3.450 21.3~3! 21.4~3!

2 0.19 20.12 0.49 3.442 0.7~3! 0.6~3!

3 0 0 1 6.104 20.3~1! 20.4~1!

4 0.81 0.12 0.51 6.730 0.1~3! 20.2~3!

5 0.81 0.12 20.49 7.879 20.0~3! 20.1~3!

6 1 0 0 7.984 20.92~5! 20.95~5!

7 1.19 20.12 0.49 9.439 0.1~2!

8 21.19 0.12 0.51 10.296 0.6~2!
5-2
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,8 K on single crystals of typical massm520 mg, in dc
fields up to 9 T oriented parallel to thec axis. Specific-heat
measurements were performed on a single crystal of m
m54 mg for 0.125,T,2.5 K in fields up to 9 T using
relaxation calorimetry29 with the field oriented parallel to the
a* axis.

The sample used for inelastic neutron-scattering meas
ments consisted of three deuterated single crystals wi
total mass ofm53.32 grams coaligned within 0.8°. Mea
surements in the (0kl) and (h0l ) scattering planes were pe
formed on the SPINS cold neutron triple axis spectromete
the National Institute of Standards and Technology~NIST!
Center for Neutron Research in Gaithersburg, MD. The h
zontal beam collimation before the sample w
508/ki (Å21)-808 for the (0kl) measurements, an
508/ki (Å21)-768 for the (h0l ) measurements. A liquid
nitrogen-cooled BeO filter was placed after the sample,
data were collected at fixed final energyEf53.7 meV. A
horizontally focusing pyrolytic graphite@PG~002!# analyzer
with acceptance angles of 2.7°37.2° in the horizontal and
vertical plane, respectively, was used to increase the c
rate at the expense of broadening the instrumental wa
vector resolution perpendicular to the scattered neutron w
vector k f . At energy transfer\v50, the energy resolution
was d\v50.13 meV, and the instrumental resolutio
ellipsoid30 projected on the scattering plane had full width
half maximum ~FWHM! principal axesdQ150.043 Å21

anddQ250.076 Å21.
Measurements in the (hk0) plane were performed on th

BT2 thermal neutron triple axis spectrometer at NIST. Ho
zontal collimations of 608220822082608 were used, and
data were collected atEf513.7 meV with a PG filter before
the analyzer. This gave typical FWHM resolutions at\v
50 of d\v50.84 meV, anddQi50.02 Å21 and dQ'

50.09 Å21 parallel and perpendicular toQ, respectively.
All data were converted to the normalized scattering int
sity Ĩ (Q,\v) following a procedure detailed elsewhere31

using the incoherent elastic scattering of the sample as m
sured in each experimental configuration.

IV. EXPERIMENTAL RESULTS

A. Magnetic susceptibility

The dc magnetic susceptibilityx(T)5M /H for a powder
sample of PHCC is shown in Fig. 2. The data were taken
an applied fieldH550 Oe, and the magnetizationM was
found to be linear in field up toH51 T at T51.8 K. As
shown in the inset of Fig. 2,x(T) rises with decreasingT to
a rounded maximum atT'12 K, followed by a rapid de-
crease, as has been previously observed.26,27 The low-
temperature behavior ofx(T) is shown in the main panel o
Fig. 2, which also includes single-crystal ac susceptibi
data measured down toT50.125 K. Apart from a paramag
netic background at the lowest temperatures that is attri
able to residual impurities, these data show the exponent
activated dependence ofx(T) characteristic of a gappe
Heisenberg antiferromagnet.
14440
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The ac magnetic susceptibility for a single crystal as
function of applied magnetic field at fixed temperature
shown in Fig. 3. The sharp feature in the data indicates
abrupt change in the magnetic density of states of PHCC
the spin gap closes at the critical fieldHC1'7.5 T at T
50.125 K. This feature moves to larger magnetic field
the temperature is increased, and eventually beco
smeared out due to thermal population of multiple ene
levels above the spin gap.

B. Specific heat

Figure 4 depicts the heat capacity as a function of te
perature measured for different fixed magnetic fields up
H59 T. The lattice contribution to the heat capacity has n
been subtracted from the data. The exponentially activa
heat capacity, which is apparent from the inset to Fig. 4
fields H,8 T, is further direct evidence for a spin gap
PHCC. AsH is increased, there is an increase in the spec
heat at lower temperatures and the activation energy
creases, effects that indicate that the spin gap is decrea

FIG. 2. Magnetic susceptibilityx(T) of PHCC. Open circles: dc
suceptibility of powder. Open squares: ac susceptibility of sin
crystal. Inset: solid line is a fit to a Curie-Weiss law. Main fram
solid line is a fit to the asymptotic low-temperature susceptibility
a 2D gapped system as described in the text.

FIG. 3. ac magnetic susceptibilityx(H) of single-crystal PHCC
at constant temperaturesT50.125, 0.9, 1.2, 1.5, and 1.8 K. Inse
Portion ofH-T phase diagram of PHCC derived from specific-he
~filled squares! and magnetic-susceptibility~triangles! data.
5-3
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STONE, ZALIZNYAK, REICH, AND BROHOLM PHYSICAL REVIEW B64 144405
While at these lower fields no anomalous behavior in
temperature dependence of the specific heat is obse
within the experimental uncertainty of our measuremen
peaklike singularity, indicative of of a phase transitio
clearly appears atH.8 T. This implies that aboveHC1
PHCC enters a 3D-ordered phase, as is typical of gap
quantum antiferromagnets.21,31–34 Both the transition tem-
perature and the the spin entropy removed from the sys
via the transition increase withH.

C. Inelastic neutron scattering

To map out the wave-vector dependence of the magn
excitation spectrum of PHCC, energy transfer scans at c
stantQ were performed at 93 different locations througho
the reciprocal space of PHCC in zero magnetic field aT
51.5 K. Figure 5 depicts the three reciprocal-lattice plan
and the particular points in reciprocal space that w
probed. At every wave vector measured, the spectrum
dominated by a single, resolution-limited mode. Represe
tive energy scans are shown in Figs. 6–8. They illustr
dispersion of this mode along theh and l directions and the
absence of dispersion as wave vector transfer varies a
the k direction. The mode disappears upon heating toT
550 K, as shown in Fig. 7~a!, demonstrating that the ob
served scattering is magnetic in origin. The mode has
minimum energy~spin gap! D51 meV at Q5(0.5,0,1.5)
@Fig. 8~a!#. The full dispersion of this mode is summarized
Figs. 9–11. Each point in these figures was obtained by
ting a scan such as those in Figs. 6–8 to a Gaussian
shape. From these figures, the two-dimensional nature o
magnetic interactions of PHCC becomes clear. Figures~d!
and 11~d! show significant dispersion along lines in recipr
cal space that intersect the two-dimensional magnetic z
center atQ5(0.5,0,1.5), with somewhat stronger dispersi
alongh than alongl. Along the edges of the magnetic zon
additional dispersion withh is seen in Figs. 9~a!–9~c!, but
only minimal variation in peak position was observed withl
in Figs. 11~a!–11~c!. From Fig. 10, an upper bound of 0.2~2!
meV can be set on variation of the mode energy withk. The

FIG. 4. Specific heat of PHCC versus temperature at cons
applied magnetic field.~b! shows activated behavior at low field
and fits used to determine field-dependence of the spin gap sh
in ~c!.
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solid curves in Figs. 6–11 result from a fit using a tw
dimensional model for the dynamic spin correlation functi
as described below.

V. DISCUSSION

A. Magnetic susceptibility

The zero-field susceptibility data yield significant info
mation about the microscopic spin Hamiltonian. First, a m

nt

wn

FIG. 5. Points in reciprocal space measured using inelastic n
tron scattering. The area of each point is proportional to the m
sured first moment of the spectrum at thatQ.

FIG. 6. Inelastic neutron scattering data for PHCC atT
51.5 K showing dispersion of magnetic excitation withh. Right

axis shows normalized magnetic scattering intensityĨ m(Q,v).
The solid lines are a fit to a two-dimensional model described in
text.
5-4
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sure of the size of the spin gap may be obtained. InD di-
mensions, the asymptotic low-temperature susceptibility o
gapped spin system with quadratic dispersion35 is propor-
tional to

x~T!}T(D/2)21e2D/kBT. ~1!

The solid line in the main panel of Fig. 2 is a fit to th
two-dimensional form of Eq.~1!, including a diamagnetic
background and a low-temperature Curie tail. The fit w
restricted toT<5 K, and gave a spin gapD51.2(1) meV,
in good agreement with that observed in the neutr
scattering data.

FIG. 7. Inelastic neutron-scattering data for PHCC atT
51.5 K showing lack of dispersion of magnetic excitation withk.
Open symbols in~a!: data taken atT550 K. Right axis shows

normalized magnetic scattering intensityĨ m(Q,v). The solid lines
are a fit to a two-dimensional model described in the text.

FIG. 8. Inelastic neutron-scattering data for PHCC atT
51.5 K showing dispersion of magnetic excitation withl. Right

axis shows normalized magnetic scattering intensityĨ m(Q,v).
The solid lines are a fit to a two-dimensional model described in
text.
14440
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FIG. 10. Energy of magnetic excitations in PHCC showing la
of dispersion withk at constanth and l. Data points are determine
from Gaussian fits to constant-Q scans. The solid lines are fit to
two-dimensional model described in the text.
e

FIG. 9. Energy of magnetic excitations in PHCC showing d
persion withh at constantk and l. Data points are determined from
Gaussian fits to constant-Q scans. The solid lines are a fit to
two-dimensional model described in the text.
5-5
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STONE, ZALIZNYAK, REICH, AND BROHOLM PHYSICAL REVIEW B64 144405
From the high-temperature Curie-Weiss behavior ofx(T)
we obtain a value for the sum of all relevant exchange c
stants in the system,

J05(
d

Jd , ~2!

where$d% is the set of bonds connecting a spin to its neig
bors. Fitting the sum of a diamagnetic and a Curie-We
term to our x(T) data in the temperature range 50,T
,250 K we extracted the Curie-Weiss temperatureQCW ,
the averageg factor, and the diamagnetic term resulting fro
the sample and sample holder. The fit is shown as a solid
in the inset to Fig. 2. The Curie-Weiss temperatureQCW
5219.0(7) K is related to J0 through QCW5S(S
11)J0/3kB .36 Solving for the sum of the independent e
change constants, we findJ053.3(1) meV while gav
52.2(3). A similar estimate forJ0 is obtained by fitting
x(T) to an alternating spin chain model.26,27This reflects the
insensitivity of the zero-field susceptibility to the geome
of the magnetic interactions.

B. Specific heat

The change in the activated temperature dependenc
the specific heat with increasing magnetic field forH,8 T
gives a measure of the reduction of the spin gap as the lo
critical field is approached. The asymptotic low-temperat
form for the specific heat, derived under the same conditi
as for Eq.~1!, is given by

FIG. 11. Energy of magnetic excitations in PHCC showing d
persion with l. Data points are determined from Gaussian fits
constant-Q scans. The solid lines are fit to a two-dimensional mo
described in the text.
14440
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Cp~T!}T(D/2)22e2D/kBT. ~3!

The solid lines in Fig. 4~b! are fits to this form forD52,
with the addition of a term proportional toH2/T2 to account
for nuclear spin contributions at the lowest temperatures.
derived gap values are shown versus the applied field in
4~c!. The approximately linear reduction of the spin gap w
field is consistent with the Zeeman splitting of a triplet
excited states.

The positions of the peaks observed in the tempera
dependent specific heat forH.8 T outline the lower edge
of the ordered region of theH-T phase diagram. This phas
boundary is shown in the inset to Fig. 3. Clearly, furth
work is required to map out the full extent of the order
phase and also to determine the structure and symmetr
the order parameter. The locations of peaks in the fie
dependent, single-crystal magnetic susceptibility data
also shown in the inset to Fig. 3. Taking into account t
anisotropicg tensor of PHCC,27 these data are entirely con
sistent with the specific-heat data.

C. Inelastic neutron scattering

The magnetic contributionĨ m(Q,\v) to the normalized
neutron-scattering intensityĨ (Q,\v) is related to the dy-
namic spin-correlation functionS ab(Q,v) as follows:31,37

Ĩ m~Q,\v!5E d3Q8\dv8RQ,v~Q2Q8,v2v8!

3Ug2 F~Q8!U2

(
ab

~dab2Q̂a8 Q̂b8 !S ab~Q8,v8!.

~4!

HereF(Q) is the magnetic form factor of the Cu21 ion and
RQv is the normalized instrumental resolution function30

We assume that the magnetic Hamiltonian is isotropic in s
space, and thus since no symmetry-breaking ordering tra
tion occurs in PHCC at zero field, the dynamic spi
correlation function should also be isotropic. This is su
ported by previous susceptibility measurements, wh
indicate that exchange anisotropy in PHCC is very sma27

and by the absence of any observable anisotropy splittin
the excitations observed by neutron scattering. In this c
the different spin polarizations in Eq.~4! can be summed to
give

(
ab

~dab2Q̂a8 Q̂b8 !S ab~Q8,v8!52S aa~Q8,v8!. ~5!

Owing to the low symmetry of PHCC, there are a lar
number of potential Cu-Cu magnetic interactions within t
a-c plane. Information about the relative importance of sp
pair correlations to the ground-state energy can be obta
in a model-independent way through the first moment s
rule.38 For an isotropic spin system, this is

-

l
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\^v&Q[\2E
2`

`

vS aa~Q,v!dv

52
1

3 (
d

Jd^S0•Sd&~12cosQ•d!, ~6!

whereJd is the exchange strength and^S0•Sd& is the two-
spin-correlation function for the spin-pair with bond vect
d. We write the Hamiltonian in the form

H5
1

2 (
r ,d

JdSr•Sr1d , ~7!

where the index$r% runs over all spins. The ground-sta
energy per spinE0 is closely related to the first momen
being simply

E05
1

2 (
d

Jd^S0•Sd&. ~8!

The first frequency moment of the dynamic correlation fun
tion \^v&Q measured in PHCC is shown in Fig. 5 and Fig
12–14. The data points were obtained from the same Ga
ian fits that were used to determine the mode energy.

Unlike what is observed in strongly dimerized spin-g
systems, the variation of\^v&Q with Q in PHCC cannot be
accounted for by a single spin pair. Instead, several crys
lographically distinct spin pairs are strongly correlated a

FIG. 12. Variation of first moment\^v&Q of PHCC with h at
constantk and l. Data points are determined by fitting each origin
constant-Q scan to a Gaussian peak and calculating the first m
ment of the intensity from that fit. The dashed~solid! lines are
determined by a global fit including six~eight! Cu-Cu interactions,
as described in the text.
14440
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contribute significantly to the ground-state energy. This r
ders the system considerably more intricate to describe th
retically. For example, the RPA theory based on a dimeri
ground state that accounts for strongly dimerized system
one, two, and three dimensions4,5,18,20,23is not adequate here
since a single spin pair controls the first moment
S aa(Q,v) in that model.

In the absence of an adequate theory of gapped spin
tems forD.1 that goes beyond a dimer-based expansi
we parametrize the measured dispersionE(Q) in PHCC with
the following phenomenological expression, consistent w
Bloch’s theorem:

E~Q!5„B01Bh cos~2ph!1Bl cos~2p l !

1Bhl$cos@2p~h1 l !#1cos@2p~h2 l !#%

1B2h cos~4ph!1B2l cos~4p l !…1/2. ~9!

We note that simpler dispersion relations of the formE(Q)
5A01( iAi cos(Q•Ri), which provide an effective descrip
tion of related systems with weaker dispersion such
CuHpCl,42 do not provide a good description of the dispe
sion in PHCC. Because most of the observed magnetic
tensity comes in the form of resolution-limited peaks, we c
use the single mode approximation~SMA! for the dynamic
correlation function,

S aa~Q,v!5S~Q!d„\v2E~Q!…, ~10!

l
-

FIG. 13. Variation of first moment\^v&Q of PHCC with k at
constanth andl. Data points are determined by fitting each origin
constant-Q scan to a Gaussian peak and calculating the first m
ment of the intensity from that fit. The dashed~solid! lines are
determined by a global fit including six~eight! Cu-Cu interactions,
as described in the text.
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for quantitative analysis of the data. HereS(Q) is the static
structure factor, which is the Fourier transform of the equ
time two-spin-correlation function, and quantifies t
energy-integrated intensity@it is the zeroth moment o
S aa(Q,v)]. The polarization indexa may be omitted for an
isotropic spectrum. The SMA has been used successfully
gapped spin chains,5,39 and other quantum many-bod
systems40 where a single, coherent mode dominates the
citation spectrum. Using the SMA expression@Eq. ~10!# in
the first moment sum rule@Eq. ~6!# one can establish a rela
tion between the measured intensities and the dispersio
lation E(Q),

S~Q!52
1

3E~Q! (
d

Jd^S0•Sd&~12cosQ•d!, ~11!

that involves the spin-pair correlations which contribute
the ground-state energy.

We have carried out global fits toĨ m(Q,\v) for our entire
data set, using Eqs.~9!–~11! as input to Eq.~4!. For each
energy scan, the nonmagnetic background was modeled
constant plus a Gaussian peak centered at\v50 to account
for incoherent elastic scattering as needed. To determine
simplest parametrization of the data, global fits were carr
out with varying numbers of terms included in Eq.~11!. The
results of these fits with bonds 1–6 and bonds 1–8 in Fig
are given in Tables I and II. Further neighbor bonds gave
measurable contribution when included in the fits. Examp
of the line shapes derived from the eight-bond fit are sho

FIG. 14. Variation of first moment\^v&Q of PHCC withl. Data
points are determined by fitting each original constant-Q scan to a
Gaussian peak and calculating the first moment of the inten
from that fit. The dashed~solid! lines are determined by a global fi
including six~eight! Cu-Cu interactions, as described in the text.
14440
l-

or

x-

re-

y a

he
d

1
o
s
n

as solid lines in Figs. 6–8. The right-hand vertical scale
these figures gives the normalized magnetic inten
Ĩ m(Q,\v). Magnetic neutron scattering from a local m
ment magnet satisfies a total moment sum rule that can
expressed as

^S2&5

\*d3Qdv(
ab

S ab~Q,v!

*d3Q
5S~S11!. ~12!

Clearly we do not have enough data to carry out the co
plete integration. However, we can ask whether the SM
which accounts for the scattering data where available,
isfies the sum rule. Carrying out theQ integration of Eq.~11!
numerically, we obtain̂S2&50.8(2). Theresult being indis-
tinguishable fromS(S11)53/4 suggests that the resona
mode accounted for by the SMA carries most of the spec
weight in PHCC.

The dispersion relation determined from the eight-bo
global fit is shown as solid lines in Figs. 9–11. It is cons
tent with the data derived directly from the raw data, ind
cating that the variational dispersion relation Eq.~9! used in
the SMA is general enough not to cause significant bias.
may be seen from Table II, the parameters in Eq.~9! are well
determined, and the results for the six- and eight-bond
are indistinguishable.

The first moment calculated from the model with th
parameters determined from the global fits is shown
Figs. 12–14 as dashed and solid lines for the six-bond
eight-bond fits, respectively. Instrumental resolution effe
were included in this calculation. The agreement with t
first moment determined from the Gaussian fits to individ
scans is in general quite good, with modest improvemen
the quality of the eight-bond fit over the six-bond fit. There
also good quantitative agreement for the terms common
both fits, particularly for the larger terms, indicating the r
bustness of the numbers determined through this analys

Without a microscopic model that connects exchange c
stants with the dispersion relation, it is not possible to de
mine Jd and ^S0•Sd& independently. Instead one measur
their products, which determine the contribution of ea
bond to the ground-state energyE0 @Eq. ~8!#. In fact, because
u^S0•Sd&u,3/4, each term provides a lower bound on t

ty

TABLE II. Fitted parameters in the dispersion relation, Eq.~9!,
for the six- and eight-bond fits of the PHCC inelastic neutro
scattering data.

Parameter 6 bonds (meV2) 8 bonds (meV2)

B0 5.44~2! 5.45~2!

Bh 2.06~3! 2.05~3!

Bl 1.07~3! 1.06~3!

Bhl 20.39~1! 20.39~1!

B2h 20.34~3! 20.35~3!

B2l 20.22~2! 20.23~2!
5-8
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magnitude of the corresponding exchange interaction. In
1~c!, the thickness of the Cu-Cu bonds is proportional
uJd^S0•Sd&u. From this figure and from Table I, we see th
the largest Cu-Cu interaction is bond 1, the ‘‘dimer’’ pr
dicted previously.27 However, other bonds also show signi
cant antiferromagnetic correlations, particularly bonds 3 a
6. These bonds are noteworthy as they provide uniform,
beit anisotropic, linkage of a macroscopic two-dimensio
spin system. It is also important to note that several bo
give a positive contribution to the first moment. These bon
shown as gray lines in Fig. 1~c!, are frustrated by definition
as they raise the ground-state energy.

Summing up all terms shown in Table I we find th
ground-state energy per spinE0521.5(4) meV for both
the six- and eight-bond fits. Using the measured value
spin gapD51 meV, we can thus determine the relatio
E0'21.5•D, which can be used to quantify explicitly th
correspondence of the spin system of PHCC to a partic
quantum-disordered 2D spin model. It also helps to posit
PHCC on the phase diagram of the 2D QHAFM,8 character-
izing how close it is to quantum criticality.

VI. CONCLUSIONS

The set of measurements presented here establish P
as a clean example of a two-dimensional spin-singlet sys
with a gap. The susceptibility and heat-capacity data sh
evidence of a quantum phase transition from the gap
phase to a Ne´el-ordered state at a magnetic fieldHc1
'7.5 T. This transition appears qualitatively similar to th
observed in many other spin-gap systems.21,31–34 However,
the coupled-dimer picture that describes previously stud
2D and 3D spin gap materials is not appropriate for PHC
This material lies in an unusual region of the phase spac
the model, in a quantum disordered regime close to
quantum-critical point. Although we are not yet able to as
ciate unambiguously the zero-field ground state with eithe
P
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particular kind of valence bond crystal or a RVB-type sp
liquid, it is clear that frustration plays a key role in definin
it. It is worth noting that evidence for spin-frustration effec
was recently observed in CuHpCl,42 another quasi-2D spin
system, as well as in SrCu2(BO3)2,24 and thus it may be tha
frustration is in fact a common feature of low-symmetr
gapped spin systems.

Another issue that becomes increasingly important as
moves towards the QC point, or from the dimerized lim
toward a system with more uniform coupling, is the appe
ance of a continuum in the spin-fluctuation spectrum. In
quantum-disordered 2D HAFM models this is described
terms of spinon deconfinement,41 while in the strongly
dimerized limit it is usually adequately accounted for
multimagnon excitations. There are some features in
present data indicating that a continuum may be detectab
PHCC ~e.g., the broad, weak feature at\v'3.5 meV in
Fig. 7!, but further experiments are required to clarify th
issue. Finally, the low-energy scales in PHCC make it
excellent candidate for further studies of quantum criti
and field-dependent phenomena in a two-dimensio
gapped spin system with frustration.
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5-9



tte
s.

y

i-
a

.
tt.

.
.

ro

a

, R
ll,

st

ys.

J.

ba-

in,

v.

.

STONE, ZALIZNYAK, REICH, AND BROHOLM PHYSICAL REVIEW B64 144405
and H. Mutka, Eur. Phys. J. B7, 519 ~1999!.
21A. Oosawa, M. Ishii, and H. Tanaka, J. Phys.: Condens. Ma

11, 265 ~1999!; A. Oosawa, A. Katori, and H. Tanaka, Phy
Rev. B63, 134416~2001!.

22N. Cavadini, G. Heigold, W. Henggler, A. Furrer, H.-U. Gu¨del, K.
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