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hexachlorodicuprate

M. B. Stone! I. Zaliznyak!* Daniel H. Reich} and C. Broholn?
IDepartment of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218
National Institute of Standards and Technology, Gaithersburg, Maryland 20899
3Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000
(Received 7 April 2001; published 11 September 2001

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 presented1/8 K, the magnetic excitation
spectrum is dominated by a single propagating mode with aafd, meV, and bandwidth of1.8 meV in
the (hOl) plane. The mode has no dispersion alonglifiedirection indicating that neighborinarc 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 gredte; than
~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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[. INTRODUCTION tems are dominated by isolated spin pairs. For different rea-
sons, this is also the case in the two-dimensional frustrated
Among physical systems that display collective macro-spin system SrG§BOs),.?* In that material, triplet excita-
scopic quantum phenomena, interacting spin systems are péions are localized because of the frustrating symmetry of the
haps the most experimentally informative. Many qua|ita-interaction52.5 Here we report a frustration-induced spin-
tively different model systems are available, and there arginglet phase with a gapped spectrum in the metalo-organic
numerous experimental tools providing access to spatial angPmpound piperazinium hexachlorodicupra@HCQ. The
temporal correlations on microscopic, mesoscopic, and madportant distinction from othed >1 singlet systems is that
roscopic scales. Owing to their relative simplicity, much at_there_ are uniform extensive paths of interaction spanning the
tention has been devoted to one-dimensional systems, sudy2si-2D plane and the strongly correlated spin cluster in
as the spinS=1 Haldane chaif,the even-legs=1/2 spin PHC_C mvolve_s sgveral spin pairs. Even so th_ere is a spin
ladder and dimerized (alternating bongl S=1/2 gap in the excitation spectrum, and no magnetic phase tran-

chains>~" However, it has long been a quest for theorists anction in the absence of a magnetic field.

) : . ) : . These results were obtained through an extensive charac-
experimentalists alike to find analogous cooperative s'ngletterization of PHCC using magnetic susceptibility, specific
ground-state magnetism in higher dimensions. '

) : i heat, and inelastic neutron-scattering measurements. Our
_ For the two-dimensiongb=1/2 quantum Heisenberg an- finqings correct previous reports that suggest that PHCC is
tiferromagnet (2D QHAFM), a nontrivial quantum- ap giternating spin chain systéit28In agreement with pre-
disordered spin-gap phase with a singlet ground state in thgoys thermodynamic data, we find a triplet mode with a spin
vicinity of a quantum-critical point has been studied exten-gap A=1 meV, and a bandwidth of 1.8 meV. However,
sively by theorists in relation to the magnetic properties ofrather than the dispersion being confined to the putative
layered cuprate superconductdfs.Several models were chain directionc, we observe dispersion throughout the
suggested to fall into this quantum-disordered phase, ranginglane. In addition, our analysis of the wave-vector-dependent
from simple quantum dimer modei$,and a valence bond scattering intensity shows that no fewer than five spin pairs
crystal favored by frustration on the 2D square latfic&to  are strongly correlated. Two of these provigtesitivecontri-

the gquantumkagome antiferromagnéf™® and the long-  butions to the ground-state energy, indicating the presence of
sought spin-liquid resonating valence bofRVB) state'®’  frustration. We also present evidence for a field-induced
While there are numerous materials which, like the layerednagnetic phase transition that provides an interesting ex-

cuprates, fall into the renormalized-classical region of theample of quantum critical behavior in a frustrated quasi-two-
phase diagram of the 2D QHAFM, realizations of quantumdimensional spin system.

disordered 2D spin systems close to the quantum critical
point are scarce.

There are higher dimensional coupled spin dimer systems 1l. PIPERAZINIUM HEXACHLORODICUPRATE
such as the three-dimensional dimer networkgQEsBr,,'® _ B _
KCuCl,,'*%° and TICuC},?'?2 and the quasi-2D material ~ Piperazinium hexachlorodicuprate ~ (PHCQ,

BaCuSj0g.2® However, as with strongly dimerized linear (CsH12N2)CuyCls, has a triclinic crystal structure with space
chains such as Cu(N{,- 2.5D,0,° correlations in these sys- group P1, and room-temperature lattice constanés
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TABLE I. Fractional coordinate¢irom Ref. 20, bond lengths,
and corresponding values 8§(Sy,- Sy) (in meV) for the fits of the
PHCC inelastic neutron-scattering data including six and eight
Cu-Cu bonds. Bond numbers correspond to those depicted in Fig.
1(c).

Bond 6 bonds 8 bonds
number x/a  y/b  zZc |d] (A) Ii(Sy-S5) Jai(So-S§)

1 -019 012 051 3450 —1.33) -1.4(3)
2 0.19 —0.12 049 3.442  0(3 0.6(3)
3 0 0 1 6.104 —0.31) —0.41)
4 081 0.12 051 6730 03 -0.23)
5 081 0.12 -049 7.879 —-0.03) —0.13)
6 1 0 0 7.984 —0.925) —0.955)
7 1.19 —0.12 049 9.439 0(2)
8 -1.19 0.2 051 10.296 B

perpendicular to this plane. With this coordination, thé Cu
spin density lies predominantly in the four-bond plane, and
therefore Cu-CI-Cu superexchange interactions that involve
only the short Cu-Cl bonds should be stronger than those
involving the long bonds. On this basis, the magnetic Cu-Cu
interaction indicated by bond 1 in Fig(c) was predicted to

be stronger than bond?,leading to the alternating chain
model?®~2® However, our neutron-scattering results show
that while the spins interacting through bond 1 are indeed the
most strongly correlated, Cu-Cu couplings not previously
considered, such as those due to the halide-halide contacts
shown as dotted lines in Fig(H), result in dispersion along
the a direction that is stronger than that alongAs we will
show, PHCC contains a two-dimensional network of mag-
netic interactions in the-c plane. The Cu-Cu interactions
that we will consider in our analysis are humbered 1-8 in

FIG. 1. Crystal structure of piperazinium hexachlorodicupratepig_ 1(c). Our results pertaining to these bonds are listed in
(PHCO, (C4H1oN5)(Cu,Clg). (a) View along thea axis showing Table I.

well-separated Cu-Cl planed) A single Cu-Cl plane viewed along
the b axis, showing four unit cells. The dotted lines indicate pos-
sible halide-halide contactsee text (c) Cu-Cu interactions that

I1l. EXPERIMENTAL TECHNIQUES

contribute to the magnetic Hamiltoniésee Table)l The line thick- Powder samples of PHCC were prepared by rapid cooling
ness is proportional tJy(S,- Sy)| for each bond. The gray lines from 50 to 0 °C of 38% hydrochloric acid solutions contain-
indicate frustrated bonds. ing piperazinium dihydrochloride and copgiéy chloride in

a 1:4 molar ratid® Single crystals were grown by slowly
=7.984(4) A, b=7.054(4) A, ¢=6.104(3) A, anda  reducing the temperature of similar saturated solutions from
=111.238)°, £=99.959)°, and y=81.2q7)°. (We use 50 to 18°C over 75 h. Seed crystals obtained in this manner
the nomenclature of Ref. 26The lattice parameters at tem- were suspended in saturated solutions and grown further. The
perature T=1.5 K were found to bea=7.842), b crystals typically grow as dark red tablets with00 faces
=6.7(3), andc=5.8(2) A. providing the largest facets. Deuterated single crystals for the

The crystal structure of PHCC is depicted in Fig. 1. Fig-inelastic neutron-scattering measurements were produced in
ure 1(a) is a perspective drawing of the crystal structure ashis manner from commercially available piperaziniudg)(
viewed along thea axis. Copper-chlorine layers in trec  dihydrochloride and anhydrous copper chlofltle using
plane are clearly visible. These are well separated from ong5% DCI in D,O as the solvent. The crystals were(B%
another by the piperazinium dication rings. By rotating thedeuterated, as determined by neutron activation analysis.
structure in Fig. 1a) about thec axis, one obtains the view Low-field dc magnetic susceptibility measurements were
shown in Fig. 1b), which depicts a single copper-chlorine performed on a powder sample of mass-16 mg in the
plane. The Cti" ions have a distorted+#1 coordination with ~ temperature range 1<7T<270 K using a superconducting
their neighboring chlorine atoms. The four short Cu-Clgquantum interference devi¢BQUID) magnetometer. ac sus-
bonds, with an average bond length of 2.30 A, are approxiceptibility measurements using a balanced-coil susceptom-
mately coplanar, with the long 2.62 A Cu-ClI bond nearlyeter were performed in the temperature range O<IR5
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<8 K on single crystals of typical masa=20 mg, in dc
fields up to 9 T oriented parallel to theaxis. Specific-heat
measurements were performed on a single crystal of mass
m=4 mg for 0.125T<2.5 K in fields up to 9 T using
relaxation calorimetr3? with the field oriented parallel to the
a* axis.

The sample used for inelastic neutron-scattering measure-

o O 0 1
000> © 00

x (10 emu/mol Cu)

ments consisted of three deuterated single crystals with a 0

total mass ofm=3.32 grams coaligned within 0.8°. Mea- 0 100 200
surements in the () and (Ol) scattering planes were per- 1'0 : 1'5 —
formed on the SPINS cold neutron triple axis spectrometer at T(K)

the National Institute of Standards and TechnoldiyST)
Center for Neutron Research in Gaithersburg, MD. The hori-  F|G. 2. Magnetic susceptibility(T) of PHCC. Open circles: dc
zontal beam collimation before the sample wassuceptibility of powder. Open squares: ac susceptibility of single
50'/k; (A~1)-80° for the (Okl) measurements, and crystal. Inset: solid line is a fit to a Curie-Weiss law. Main frame:
50'/k; (A~1)-76 for the (hOl) measurements. A liquid- solid line is a fit to the asymptotic low-temperature susceptibility of
nitrogen-cooled BeO filter was placed after the sample, and 2D gapped system as described in the text.

data were collected at fixed final ener§y=3.7 meV. A

horizontally focusing pyrolytic graphite?G(002)] analyzer The ac magnetic susceptibility for a single crystal as a

with acceptance angles of 2X7.2° in the horizontal and  fnction of applied magnetic field at fixed temperature is
vertical plane, respectively, was used to increase the coulthqyn in Fig. 3. The sharp feature in the data indicates an
rate at the expense of broadening the instrumental wavesynt change in the magnetic density of states of PHCC as
vector resolution perpendicular to the scattered neutron wavg,q spin gap closes at the critical fieic;~7.5 T atT
vectork;. At energy transferiw=0, the energy resolution _q 155 K. This feature moves to larger magnetic field as

was 5hw=0.13 meV, and the instrumental resolution e temperature is increased, and eventually becomes
ellipsoid® projected on the scattering plane had full width algmeared out due to thermal population of multiple energy
half maximum (FWHM) principal axeséQ;=0.043 A1 levels above the spin gap.

and 6Q,=0.076 A1,

Measurements in thehkO) plane were performed on the
BT2 thermal neutron triple axis spectrometer at NIST. Hori- B. Specific heat
zontal collimations of 60—-20"—20'—60" were used, and

data were collected &;=13.7 meV with a PG filter before Figure 4 depicts the heat capacity as a function of tem-

: . : perature measured for different fixed magnetic fields up to
t:((e) %r;algﬁz zr.: g%‘i ?ﬁ;\e/ tﬁ?:gngFng (I;/lz r/‘i??'“;:f dnséfgb H=9 T. The lattice contribution to the heat capacity has not
009 A1l par;allel an d,perpen d”iculér ) respectiveTy been subtracted from the data. The exponentially activated
All data were converted to the normalized scattering inten-heat capacity, V.Vh'Ch IS apparent from the inset to Fig. 4 .for
o~ i ) a fields H<8 T, is further direct evidence for a spin gap in
sity 1(Q.,2w) following a procedure detailed elsewhere, phcc. AsH is increased, there is an increase in the specific

using the incoherent elastic scattering of the sample as Mefgzat at lower temperatures and the activation energy de-

sured in each experimental configuration. creases, effects that indicate that the spin gap is decreasing.
0.03 . . . . .
IV. EXPERIMENTAL RESULTS 10 —
. T | kA A.A.P.' %}%0\\.
A. Magnetic susceptibility = sl 1 af by v@ -
. P — X = Cp 4 DA 4 g‘ Py 5&
The dc magnetic susceptibility(T)=M/H for a powder 3002 [ &y, 1 4 & v i
sample of PHCC is shown in Fig. 2. The data were takenin g % > ¢ voe
an applied fieldH=50 Oe, and the magnetizatiol was ) TK A0 g .
found to be linear in field up tti=1 T atT=1.8 K. As § A 0.125K Seg d
shown in the inset of Fig. 2¢(T) rises with decreasing to = 001F 5 g9k Yo s f 1
a rounded maximum af~12 K, followed by a rapid de- ® 12K * DD.; o® |
crease, as has been previously obsef€d.The low- . oK ﬁ;ﬁ
temperature behavior ¢gf(T) is shown in the main panel of ol ¢ . $PQPOEYY o, .,
Fig. 2, which also includes single-crystal ac susceptibility 60 65 70 ;'E(;T) 80 85 90

data measured down ©=0.125 K. Apart from a paramag-
netic background at the lowest temperatures that is attribut- F|G. 3. ac magnetic susceptibilif(H) of single-crystal PHCC
able to residual impurities, these data show the exponentiallyt constant temperaturds=0.125, 0.9, 1.2, 1.5, and 1.8 K. Inset:
activated dependence of(T) characteristic of a gapped Portion of H-T phase diagram of PHCC derived from specific-heat
Heisenberg antiferromagnet. (filled squaresand magnetic-susceptibilititriangles data.
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FIG. 4. Specific heat of PHCC versus temperature at constant
applied magnetic field(b) shows activated behavior at low fields
and fits used to determine field-dependence of the spin gap shown
in (c).

While at these lower fields no anomalous behavior in the
temperature dependence of the specific heat is observed
within the experimental uncertainty of our measurement, a
peaklike singularity, indicative of of a phase transition,
clearly appears aH>8 T. This implies that aboved
PHCC enters a 3D-ordered phase, as is typical of gapped FIG. 5. Points in reciprocal space measured using inelastic neu-
quantum antiferromagnets3'-34 Both the transition tem- tron scattering. The area of each point is proportional to the mea-
perature and the the spin entropy removed from the systegred first moment of the spectrum at tigat
via the transition increase witH.

>

solid curves in Figs. 6—11 result from a fit using a two-
dimensional model for the dynamic spin correlation function
C. Inelastic neutron scattering as described below.

To map out the wave-vector dependence of the magnetic
excitation spectrum of PHCC, energy transfer scans at con- V. DISCUSSION
stantQ were performed at 93 different locations throughout A. Magnetic susceptibility
the reciprocal space of PHCC in zero magnetic fieldl at
=1.5 K. Figure 5 depicts the three reciprocal-lattice planes
and the particular points in reciprocal space that weré"

The zero-field susceptibility data yield significant infor-
ation about the microscopic spin Hamiltonian. First, a mea-

probed. At every wave vector measured, the spectrum is — T —— T ——— T3 3
dominated by a single, resolution-limited mode. Representa- 30_' @ (0.6, 0, 1.5) -
tive energy scans are shown in Figs. 6—8. They illustrate 20+ 12

—_
(=]
T
-

Intensity (Counts / min)
o o
—
1 1

dispersion of this mode along theand! directions and the [ =
absence of dispersion as wave vector transfer varies along -
the k direction. The mode disappears upon heatingTto
=50 K, as shown in Fig. (8, demonstrating that the ob-
served scattering is magnetic in origin. The mode has its
minimum energy(spin gap A=1 meV atQ=(0.5,0,1.5)
[Fig. 8@]. The full dispersion of this mode is summarized in
Figs. 9—11. Each point in these figures was obtained by fit-
ting a scan such as those in Figs. 6—-8 to a Gaussian line [ .
shape. From these figures, the two-dimensional nature of the : 14
magnetic interactions of PHCC becomes clear. Figufds 9 ig}ﬂ& .

and 11d) show significant dispersion along lines in recipro- > -i—3'0 10

cal space that intersect the two-dimensional magnetic zone ho (méV) )

center atQ=(0.5,0,1.5), with somewhat stronger dispersion

alongh than along. Along the edges of the magnetic zone, FIG. 6. Inelastic neutron scattering data for PHCC Tat
additional dispersion withh is seen in Figs. @—9(c), but  =1.5 K showing dispersion of magnetic excitation whhRight
only minimal variation in peak position was observed with axis shows normalized magnetic scattering intensitf(Q, ).

in Figs. 1Xa)—11(c). From Fig. 10, an upper bound of 22  The solid lines are a fit to a two-dimensional model described in the
meV can be set on variation of the mode energy Witfthe  text.
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FIG. 7.

Inelastic neutron-scattering data for PHCC Tt
=1.5 K showing lack of dispersion of magnetic excitation with
Open symbols in(@): data taken aff=50 K. Right axis shows
normalized magnetic scattering intensity(Q,w). The solid lines 1
are a fit to a two-dimensional model described in the text.
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sure of the size of the spin gap may be obtainedDIdi-
mensions, the asymptotic low-temperature susceptibility of a

gapped spin system with quadratic disperdiois propor-

tional to

The solid line in the main panel of Fig. 2 is a fit to the
two-dimensional form of Eq(1), including a diamagnetic
background and a low-temperature Curie tail. The fit was 7
restricted toT<5 K, and gave a spin gap=1.2(1) meV,

in good agreement with that observed in the neutron-

scattering data.

Y(T)x TP~ 1g=AlkaT,

T T T T
80F (a) (0.5,0,1.5)
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h (rlu)

FIG. 9. Energy of magnetic excitations in PHCC showing dis-

persion withh at constank andl. Data points are determined from
Gaussian fits to constafd-scans. The solid lines are a fit to a
two-dimensional model described in the text.
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Inelastic neutron-scattering data for PHCC Tt
=1.5 K showing dispersion of magnetic excitation withRight

axis shows normalized magnetic scattering intensi(Q, ).

FIG. 10. Energy of magnetic excitations in PHCC showing lack
of dispersion withk at constanh andl. Data points are determined

The solid lines are a fit to a two-dimensional model described in thdrom Gaussian fits to consta@-scans. The solid lines are fit to a
two-dimensional model described in the text.

text.
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3 T T T ] Cp(T)“T(D/Z)_Ze_A/kBT. (3)

2r 7 The solid lines in Fig. &) are fits to this form forD=2,

1k i with the addition of a term proportional t6%/T? to account
Y (0,0,£+1) | for nuclear spin contributions at the lowest temperatures. The

g i : ] derived gap values are shown versus the applied field in Fig.
o ——% 4(c). The approximately linear reduction of the spin gap with

ok - field is consistent with the Zeeman splitting of a triplet of

excited states.

sy
T
|

%‘ [ (b) ©, 4, ¢) ] The positions of the peaks observed in the temperature
€0 - dependent specific heat f6t>8 T outline the lower edge
E 3r ¥ of the ordered region of thel-T phase diagram. This phase
= 2_2 © ] boundary is shown in the inset to Fig. 3. Clearly, further
I work is required to map out the full extent of the ordered
1F . phase and also to determine the structure and symmetry of
- (© . ©.1,9 T the order parameter. The locations of peaks in the field-
g_ ' ] dependent, single-crystal magnetic susceptibility data are
s ; also shown in the inset to Fig. 3. Taking into account the
2 N anisotropicg tensor of PHCC/ these data are entirely con-
1L ] sistent with the specific-heat data.
Lo(d) (0.5, 0, £ +1) 1
00 0.5 1.0 C. Inelastic neutron scattering
£ (rlu)

The magnetic contributioth,(Q,%# ) to the normalized

FIG. 11. Energy of magnetic excitations in PHCC showing dis'neutron-scattering intensiﬁ/(Q,hw) is related to the dy-
persion withl. Data points are determined from Gaussian fits to 31,37

- . _ _ namic spin-correlation functio *(Q, ) as follows:
constantq) scans. The solid lines are fit to a two-dimensional model
described in the text.
T _ 3N/ ’ ’ ’
From the high-temperature Curie-Weiss behavioy €F) Im(Q’hw)_J d*Q7dw Rq.(Q=Q" 0= 0’)
we obtain a value for the sum of all relevant exchange con-
stants in the system, >

2
2F(Q)] 3 (0= QLS )

Jo=2 Ju, 2 4)

HereF(Q) is the magnetic form factor of the &t ion and

00 1S the normalized instrumental resolution functin.

e assume that the magnetic Hamiltonian is isotropic in spin
space, and thus since no symmetry-breaking ordering transi-
tion occurs in PHCC at zero field, the dynamic spin-
correlation function should also be isotropic. This is sup-
Sorted by previous susceptibility measurements, which
indicate that exchange anisotropy in PHCC is very si&fall,
and by the absence of any observable anisotropy splitting of
the excitations observed by neutron scattering. In this case
the different spin polarizations in E¢4) can be summed to
give

where{d} is the set of bonds connecting a spin to its neigh-
bors. Fitting the sum of a diamagnetic and a Curie-Weis
term to our x(T) data in the temperature range <50
<250 K we extracted the Curie-Weiss temperat@rg,y,

the average factor, and the diamagnetic term resulting from
the sample and sample holder. The fit is shown as a solid lin
in the inset to Fig. 2. The Curie-Weiss temperat@g,y
=-—19.0(7) K is related toJ, through ®c;n=S(S
+1)J,/3kg .28 Solving for the sum of the independent ex-
change constants, we findg=3.3(1) meV while g,,
=2.2(3). A similar estimate fod, is obtained by fitting
x(T) to an alternating spin chain mod&?’ This reflects the
insensitivity of the zero-field susceptibility to the geometry
of the magnetic interactions. % (5aﬁ—Q;Q[';)S“B(Q’,w’)ZZS““(Q’,w’). )
B. Specific heat

The change in the activated temperature dependence of Owing to the low symmetry of PHCC, there are a large
the specific heat with increasing magnetic field <8 T  number of potential Cu-Cu magnetic interactions within the
gives a measure of the reduction of the spin gap as the lowerc plane. Information about the relative importance of spin
critical field is approached. The asymptotic low-temperaturgair correlations to the ground-state energy can be obtained
form for the specific heat, derived under the same conditionsn a model-independent way through the first moment sum
as for Eq.(1), is given by rule 38 For an isotropic spin system, this is

144405-6



FRUSTRATION-INDUCED TWO-DIMENSIONAL QUANTUM.. .. PHYSICAL REVIEW B64 144405

2l (a) ' (Ih+1,0|, 0) 4 2 (a) I (, kl, 0) 4

A -r

2 (b) I (1.5, k, 0) B

—_

< —
[ =
E g
o )
A
3 4 2r(© 0, k1) -
< <
1 _
;.__{__i___:___i
0 :
2t (d) (0, k, 0.5)
- & 2 4 .
| 1 0 |
00 1 2 3 0 1 2
h (rlu) k (rlu)
FIG. 12. Variation of first moment(w)q of PHCC withh at FIG. 13. Variation of first moment(w)q of PHCC withk at

constantk andl. Data points are determined by fitting each original constant andl. Data points are determined by fitting each original
constantQ scan to a Gaussian peak and calculating the first moconstantQ scan to a Gaussian peak and calculating the first mo-
ment of the intensity from that fit. The dashésblid) lines are  ment of the intensity from that fit. The dashesblid) lines are
determined by a global fit including seight Cu-Cu interactions, determined by a global fit including geighy Cu-Cu interactions,

as described in the text. as described in the text.

o contribute significantly to the ground-state energy. This ren-
ﬁ<w>QEh2f oS*(Q,w)dw ders the system considerably more intricate to describe theo-
o retically. For example, the RPA theory based on a dimerized
1 ground state that accounts for strongly dimerized systems in
=—3 Ed Ju(Sp- Sy)(1—cosQ-d), (6)  one, two, and three dimensidns®2°%3s not adequate here
since a single spin pair controls the first moment of

where Jg is the exchange strength a8y Sy) is the two- S ““(Q,) in that model. _
spin-correlation function for the spin-pair with bond vector  In the absence of an adequate theory of gapped spin sys-

d. We write the Hamiltonian in the form tems forD>1 that goes beyond a dimer-based expansion,
we parametrize the measured disper&d@) in PHCC with
1 the following phenomenological expression, consistent with
H=3 % NHISTERS S (7)  Bloch’s theorem:
where the index{r} runs over all spins. The ground-state E(Q)= (Bo+ By, cog2mh)+B, cog27l)
ener er spirEy is closely related to the first moment,
beingﬁiﬁ]ply PINEo y +Bp{cog2m(h+1)]+cog§2m(h—1)]}
. +B,y, cog4mh)+ B, cog4rl))Y2 9)
E0:§ ; Jo(So- Su)- ®  we note that simpler dispersion relations of the fdB{Q)

=Ap+2A; cosQ-R;), which provide an effective descrip-

The first frequency moment of the dynamic correlation func-tion of related systems with weaker dispersion such as
tion (w)q measured in PHCC is shown in Fig. 5 and Figs.CuHpCI*? do not provide a good description of the disper-
12-14. The data points were obtained from the same Gaussion in PHCC. Because most of the observed magnetic in-
ian fits that were used to determine the mode energy. tensity comes in the form of resolution-limited peaks, we can

Unlike what is observed in strongly dimerized spin-gapuse the single mode approximati@®MA) for the dynamic
systems, the variation df(w)q with Q in PHCC cannot be correlation function,
accounted for by a single spin pair. Instead, several crystal-
lographically distinct spin pairs are strongly correlated and S*Q,w)=8(Q)s(hw—E(Q)), (10
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@) " ' © 0' 0 TABLE Il. Fitted parameters in the dispersion relation, E2),
2r n T for the six- and eight-bond fits of the PHCC inelastic neutron-
scattering data.
1 .
¢ ] Parameter 6 bonds (méy 8 bonds (meY)
0 : = B 5.442) 5.452)
L 00 4 0 : :
2- () ©.6.9 B, 2.063) 2.053)
B, 1.073) 1.063)
< 1r : . By ~0.391) ~0.391)
s | /\\EJ\ . Ba ~0.349) ~0.3503)
o0 : B -0.222 ~0.232
§°2-(C) 0.1.9 i 21 22) 32
4
L
1+ . as solid lines in Figs. 6—8. The right-hand vertical scale in
/i\ ; these figures gives the normalized magnetic intensity
0 | Tm(Q,Aw). Magnetic neutron scattering from a local mo-
2 @ ment magnet satisfies a total moment sum rule that can be
expressed as
s
- (0.5,0,4) 1
% ‘ 1' | 2 h[d*QdwY, S(Q,w)
ap
£ {rlu) ()= 5 =5(S+1). (12
Jd°Q

FIG. 14. Variation of first momeni{w)q of PHCC withl. Data
points are determined by fitting each original cons@rgean to a
Gaussian peak and calculating the first moment of the intensit;c|ear|y we do not have enough data to carry out the com-
from that fit. The dashetbsolid) lines are determined by a global fit plete integration. However, we can ask whether the SMA,
including sixeighy Cu-Cu interactions, as described in the text. \vhich accounts for the scattering data where available, sat-

o ) ) ~isfies the sum rule. Carrying out tigzintegration of Eq(11)
for quantitative analysis of the data. He$¢Q) is the static  nymerically, we obtaifS?)=0.8(2). Theresult being indis-
structure factor, which is the Fourier transform of the equaHinguishabIe fromS(S+1)=3/4 suggests that the resonant
time two-spin-correlation function, and quantifies the mode accounted for by the SMA carries most of the spectral
energy-integrated intensityit is the zeroth moment of weight in PHCC.
S§%%(Q,w)]. The polarization indexx may be omitted foran  The dispersion relation determined from the eight-bond
isotropic spectrum. The SMA has been used successfully igjopal fit is shown as solid lines in Figs. 9-11. It is consis-
gapped spin chairfs® and other quantum many-body tent with the data derived directly from the raw data, indi-
system& where a single, coherent mode dominates the excating that the variational dispersion relation E®. used in
citation spectrum. Using the SMA expressifig. (10)] in - the SMA is general enough not to cause significant bias. As
the first moment sum rUIBEq. (6)] one can establish a rela- may be seen from Table ||7 the parameters in Mare well
tion between the measured intensities and the dispersion rgietermined, and the results for the six- and eight-bond fits

lation E(Q), are indistinguishable.
. The first moment calculated from the model with the
_ ) _ _ parameters determined from the global fits is shown in
S(Q) 3E(Q) ; (S S)(1-cosQ-d), (11 Figs. 12—14 as dashed and solid lines for the six-bond and

eight-bond fits, respectively. Instrumental resolution effects
that involves the spin-pair correlations which contribute towere included in this calculation. The agreement with the
the ground-state energy. first moment determined from the Gaussian fits to individual
We have carried out global fits 1q,(Q,% ) for our entire  scans is in general quite good, with modest improvement in
data set, using Eq€9)—(11) as input to Eq.4). For each the quality of the eight-bond fit over the six-bond fit. There is
energy scan, the nonmagnetic background was modeled byadso good quantitative agreement for the terms common to
constant plus a Gaussian peak centerefdest=0 to account both fits, particularly for the larger terms, indicating the ro-
for incoherent elastic scattering as needed. To determine tHaistness of the numbers determined through this analysis.
simplest parametrization of the data, global fits were carried Without a microscopic model that connects exchange con-
out with varying numbers of terms included in Ed1). The  stants with the dispersion relation, it is not possible to deter-
results of these fits with bonds 1-6 and bonds 1-8 in Fig. Imine J4 and (Sy-Sy) independently. Instead one measures
are given in Tables | and II. Further neighbor bonds gave néheir products, which determine the contribution of each
measurable contribution when included in the fits. Exampledond to the ground-state energy [Eg. (8)]. In fact, because
of the line shapes derived from the eight-bond fit are shown(S,- Sy)| <3/4, each term provides a lower bound on the
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magnitude of the corresponding exchange interaction. In Figparticular kind of valence bond crystal or a RVB-type spin
1(c), the thickness of the Cu-Cu bonds is proportional toliquid, it is clear that frustration plays a key role in defining
[34(So- Sy)|- From this figure and from Table I, we see thatit. It is worth noting that evidence for spin-frustration effects
the largest Cu-Cu interaction is bond 1, the “dimer” pre- was recently observed in CuHpt another quasi-2D spin
dicted previously’ However, other bonds also show signifi- system, as well as in Srg{BO3),,%* and thus it may be that
cant antiferromagnetic correlations, particularly bonds 3 andrustration is in fact a common feature of low-symmetry,
6. These bonds are noteworthy as they provide uniform, algapped spin systems.
beit anisotropic, linkage of a macroscopic two-dimensional Another issue that becomes increasingly important as one
spin system. It is also important to note that several bondsoves towards the QC point, or from the dimerized limit
give a positive contribution to the first moment. These bondstoward a system with more uniform coupling, is the appear-
shown as gray lines in Fig.(d), are frustrated by definition ance of a continuum in the spin-fluctuation spectrum. In the
as they raise the ground-state energy. quantum-disordered 2D HAFM models this is described in
Summing up all terms shown in Table | we find the terms of spinon deconfinemeht, while in the strongly
ground-state energy per splEy=—1.5(4) meV for both dimerized limit it is usually adequately accounted for by
the six- and eight-bond fits. Using the measured value ofmultimagnon excitations. There are some features in the
spin gapA=1 meV, we can thus determine the relation present data indicating that a continuum may be detectable in
Eo~—1.5 A, which can be used to quantify explicitly the PHCC (e.g., the broad, weak feature &w~3.5 meV in
correspondence of the spin system of PHCC to a particuldfig. 7), but further experiments are required to clarify this
qguantum-disordered 2D spin model. It also helps to positionssue. Finally, the low-energy scales in PHCC make it an
PHCC on the phase diagram of the 2D QHAEMharacter- excellent candidate for further studies of quantum critical
izing how close it is to quantum criticality. and field-dependent phenomena in a two-dimensional
gapped spin system with frustration.

VI. CONCLUSIONS
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