PHYSICAL REVIEW B VOLUME 59, NUMBER 2 1 JANUARY 1999-11
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High-field magnetization, field-dependent specific heat measurements, and zero-field inelastic magnetic
neutron scattering have been used to explore the magnetic properties of copper pyrazine dinitrate
[Cu(CH4N,)(NO3),]. The material is an ideal one-dimensional spin-1/2 Heisenberg antiferromagnet with
nearest-neighbor exchange constant0.90(1) meV and chains extending along the orthorhorabitirec-
tion. As opposed to previously studied molecular-based spin-1/2 magnetic systems, copper pyrazine dinitrate
remains gapless and paramagnetic dargH/J at least up to 1.4 and fdegT/J at least down to 0.03. This
makes the material an excellent model system for explorin@thé@ critical line that is expected in the-T
phase diagram of the one-dimensional spin-1/2 Heisenberg antiferromagnet. We present accurate measure-
ments of the Sommerfeld constant of the spinon gas veragsi/J<1.4 that reveal a decrease of the average
spinon velocity by 32% in that field range. The results are in excellent agreement with numerical calculations
based on the Bethe ansatz with no adjustable paramgf$63-18209)11201-3

[. INTRODUCTION continuum of the fermion model. This underlying fermion
character of th&=1/2 chain also has consequences for ther-

Quantum many-body systems that support qualitativelynodynamic properties such as the magnetization and specific
different ground states as a function of Hamiltonian paramheat. There are a growing number of magnetic materials in
eters have the potential to display so-called quantum criticalvhich the predictions of these models have been tested
phenomena when these parameters are tuned in the vicinigxperimentally:*~18
of zero-temperature phase transitidis.Many unusual
physical phenomena such as heavy-fermion behawiégh-
temperature  superconductivity, and non-Fermi-liquid
behaviof are now thought to be manifestations of proximity

to such quantum critical points. To understand the intrinsic o Il !
properties of quantum criticality it is important to explore its L J=0.90 meV
phenomenology in simple and well-controlled model sys-
tems. One of the simplest quantum critical many-body sys- % 20 7
tems is a linear chain of antiferromagnetically coupled spin- &
1/2 objects. Quantum criticality in this system is particularly g \
interesting because it is possible to continuously tune the 1.0 - N
critical exponents by the application of a magnetic field. I — AN
Unlike both conventional ordered magnets and gapped .%L.
guantum spin chains that generally have sharp, low-energy 0.0 Fi—— '0'5 By e— 1'5 —

dispersive modes, the excitation spectrum of $#1€l/2 an-
tiferromagnetic(AFM) chain is dominated by the so-called
“spinon continuum, ****which is sketched in Fig. 1. Some  FIG. 1. Schematic view of the bounds of the spinon continuum
properties of theS=1/2 AFM chain may be computed ex- of the S=1/2 AFM chain, drawn fod=0.90 meV as appropriate
actly using the Bethe ansalzbut it is also very illuminating  for cuPzN. Solid dots show fixed values @for the data in Fig. 6.

to map the spin chain onto a one-dimensional system of inkorizontal and vertical lines show the scan directions for the data in

teracting fermiong? This gives important insight into the Figs. 7 and 8. The ellipse indicates the FWHM instrumental reso-
spinon continuum, which may be viewed as the particle-holéution for Figs. 7 and 8.

o/
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In the presence of a magnetic fielt] an isotropic spin
chain is described by the Hamiltonian

H=Z [JS-S:1—gueH-S]. (1)

The field causes a Zeeman splitting of the half-filled, doubly
degenerate spinon band, which introduces additional low-
energy spanning vectors, and the spin chain has beer
predicted’ to develop new soft modes at wave vectors that
are incommensurate with the lattice, but which connect the
field-dependent Fermi points. The dynamic critical expo-
nents that control the temperature dependence of spin fluc-
tuations close to these soft points are predicted to vary con-
tinuously with applied field. In a recent experiment on
copper benzoate we have obtained the first direct experimen-
tal evidence for the existence of these low-energy mdties.
However, while this work showed directly the field-induced
incommensurability of thes=1/2 chain, it also showed a
field-induced gap in copper benzoate. Oshikawa and Affleck
showed?® that this gap arises from the presence of two Cu
sites per unit cell along the copper benzoate chains. The
combination of a staggered tensor and Dzyaloshinskii-
Moriya interactions induces an effective staggered field
when a uniform field is applied and this in turn creates a gap
in the excitation spectrum and other interesting changes in
the dynamic spin correlatiort$:°

The result of this is that copper benzoate does not have a g5 o Crystal structure of copper pyrazine dinitrate,

qyantum prltlcal line in théd-T plane be.cgus.e a fleld_lmme— Cu(C;H4N,)(NOs),, showing how C&" ions (hatched sphergs
diately drives the system away from criticality. In this paper are jinked through pyrazine rings to form one-dimensional chains.
we describe measurements on a long neglected ON&he chain axis 4) is vertical on the page, with the axis nearly
dimensional spin-1/2 AFM, copper pyrazine dinitrate horizontal. The long bonds between the O2 atoms and the copper
(CuPzN, which remains gapless fogugH=J and kgT sites are represented by thin lingstrachain contacisand dashed
<J, and thus is very well suited for experimental studies oflines (interchain contac}s Atomic positions are given in Table |,
guantum criticality. CuPzN is 8= 1/2 chain with intrachain and bond lengths and angles are given in Table II.

exchange constadt=0.91 meV (/kg=~10.6 K), as deter-

mined from previous zero-field susceptibility and specific=2.05, g,=2.27, andg,=2.07%°

heat studie$'?? It is highly one-dimensional; three-  We have redetermined the crystal structure of CuPzN
dimensional ordering having not been observed in zero fieltvith x rays atT=158 K.?® There are no major differences
for T>0.1 K,?? which implie$® that the ratio of interchain from the room-temperature structure as originally deter-

to intrachain coupling ig’/J<10"*. The magnitude of the mined.2* The cell parameters show very slight contraction
exchange constadtin CuPzN makes the material an attrac- upon cooling along the chain axés(6.712 A to 6.697 A,

tive candidate for both thermodynamic and Neutron-, 14 somewhat more change along the two axes perpendicu-

scattering studies in magnetic fields, as large effective fieIdF . . )
. . .__Tar to the chainslf axis: 5.142 A t05.112 A¢ axis: 11.732
gugH/J can be obtained. We report high-field magnetiza-5" " "7 55, ﬁ)t.ﬁ With neutrons, we have cdetermined the

tion, field-dependent specific heat, and zero-field inelastitf w-temperature T<4 K) lattice constants to bea

neutron-scattering measurements that show that CuPzN is% . :
nearly ideal example of an isotropic Heisenberg AFM chain. 6.6870 A, anch=5.0983 A Throughout this paper we

In addition, our high-field specific heat data provide directIndex wave-vector transfer in the correspongling reciprocal
experimental evidence for the suppression with field of thdattice: Q=ha*+kb*+Ic*, wherea*=(2n/a)a, etc. We

spinon velocity in the one-dimensional spin-1/2 AFM. also define wave-vector transfer along the chaimz<-a
=2h.
Il. COPPER PYRAZINE DINITRATE The atomic coordinates and some of the important bond

lengths and bond angles measured at158 K are listed in
CuPzN, Cu(GH4N,)(NO3),, is orthorhombic, with Tables | and Il. Each copper ion is coordinated to two nitro-
space groufPmnaand room-temperature lattice constantsgen atoms from the adjacent pyrazine ri@si-N1= 1.973
a=6.712 A, b=5.142 A, andc=11.732 A2 The cop- A) and two oxygen atomg01) from two different nitrate
per ions form chains along tf{&00] direction, with one cop- ions. The Cu-O1 distance equals 2.004 A and is represented
per per unit cell along the chain. The Cu ions along the chaiy a thick solid line in Fig. 2. The copper atoms and nitrate
are coupled magnetically through the pyrazine molecules, agroups lie in mirror planes perpendicular to the twofald
shown in Fig. 2. The room-temperatutg factors areg,  axis. There is a semicoordinate bond between each copper
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TABLE I. Fractional atomic coordinates and equivalent isotro- =72.8 mg, coaligned to within 0.4° in théankQ) scattering

pic thermal parameters for CUPzZNBt=158 K. plane. The measurements were performed on the SPINS cold
neutron triple-axis spectrometer at NIST. For measurements
Atom X y z U requiring a nearly isotropic wave-vector resolution function
cul 0.0000 0.0000 0.0000 0.0G21 we used a conventional parallel beam configuration. In this

configuration the projection of the instrumental resolution

C1l 0.396 -0.17095 -0.06462 0.00974 . - . . . . S
) ) 42 “ ellipsoid on the scattering plane is an ellipse with principal

N1 0.29475) 0.0000 0.0000 0.0089) . - : .
directions approximately parallel and perpendicular to the
('\;i 8'8883 '_g'gi?g; g'iggég g'gigig wave-vector transfe€, and a fuI'I width at hahf maximum
02 0.0000 _0'41 0'111 ” 0'015 6 (FWHM) along these directions of typicallyAQ
' A1IE) 11122) -01586) =0.02 A~tandAQ, =0.054 A1, respectively. For mea-
03 0.0000 -0.3316) 0.29522) 0.02086) surements requiring goo@® resolution only along a single
H1 0.3195) -0.2916) -0.10583) 0.012

direction we used a horizontally focusing analyzer. With this
configuration the principal axes of the projection of the reso-
lution ellipsoid on the scattering plane are approximately

?etorrgsaerr]\?eg secg?ﬁinoﬁxgef?i)i frozm Tehaecggigazt%igtrgﬁgé i %arallel and perpendicular to the direction of the scattered
b y 9. < eamk;, and the FWHM wereAQ;=0.045 A~%, and

2.478 A, which is much greater than the 1.9 A for copper - 1 \ |~ ; .
oxides with octahedral coordination, and the angle betweeﬁQ_i_o'32 A%, respectively. By orienting the spin chain

the Cu-O2 bond and the normal to the Cul-N1-O1 plane ig§Xis parallel tok; the instrument effectively integrates over
30.4°, which is also unfavorable for superexchange interacvave-vector transfer perpendicular to the chains. This led to
tions. The O2 atoms also bridge the copper atoms to th@ gain in intensity by a factor of 5.3 over the conventional
copper sites on adjacent chains by a long path(@ag64 A,  parallel beam configuration without significant loss in wave-
dashed lines The axis connecting the Cu site to B’ site ~ Vector resolution along the chain axis. The projection of the
on the adjacent chain is tilted only 21.6° from the normal toresolution ellipsoid on the energy-transfer axis had FWHM
the local coordination plane. This long interaction may helpA#@=0.15 meV in both configurations. The half-value
stabilize the formation of the three-dimensional lattice, butcontour of the projection of the resolution function of the
there is no evidence that it provides a superexchange patfiecusing analyzer configuration onto thew-q plane is
way. The basal plane of the copper site is determined by thehown in Fig. 1. We used 20 cm of beryllium oxide &t
four short bonds. The strength of the superexchange interae=77 K after the sample to reject neutrons with energies
tions through the pyrazine rings will be a function of the above the fixed final energli;=3.7 meV from the detec-
angle between the normal to the basal plane and the normtibn system, and 10 cm of beryllium at 50 K before the
to the (plana) pyrazine molecules; this angle is 51°. sample to suppress higher-order contamination of the inci-
dent beam for incident energids,=E;+#Aw<5.1 meV.
The detector count rate was measured in units of the count
rate of a monitor with sensitivity proportional to the incident
Crystals of CuPzN were grown by slow evaporation ofwavelength. With this standard technique the raw count rates
aqueous solutions of @) nitrate and the corresponding extracted from the experiment are proportional to the dy-
pyrazine(either protonated or deuterajetlarge single crys- namic correlation functiorS(Q, ). For E;>5.1 meV the
tals formed after several months. Faster evaporation result¥eryllium filter prior to the sample was removed and correc-
in the formation of many small, needle-shaped crystals.  tions for higher-order contributions to the monitor count rate
Specific heat measurements on small, protonated crystafgere applied so as once again to yield a measurement of
with typical massm=5 mg were made in fields up to S(Q,w).
pnoH=9 T for 0.1 K<T<10 K using the relaxation
method?®?° Magnetization measurements on both proto-
nated and deuterated powder samples were carried out at the
National High Field Magnet Laboratory in magnetic fields A. Magnetization

up to uoH =30 T using an EG&G vibrating sample magne- The relative magnetizatiohl/M,; of a protonated pow-

tometer which had been calibrated against a high-purity; . sample of CuPzN @t=4.2 K and 1.8 K is shown in the

nickel sample. . : . ,

; ; : ain panel of Fig. 3 as a function of field up {@yH
qu inelastic neutron scattering, a sample was used th££3o T. Results from a deuterated sampl& at4.2 K were

consisted of two deuterated crystals with total mass

indistinguishable from the protonated sample. The data look

] similar to previous magnetization data for other one-
TABLE I1l. Selected bond distances and angles for CuPzN alyimensional spin-1/2 antiferromagné?sThe T=1.82 K

Ill. EXPERIMENTAL TECHNIQUES

IV. EXPERIMENTAL RESULTS

T=158 K. data set has an initial slope 14% percent lower that of the

Bond length Bond angle 4.2-K set, put demo.nstrates an increasingly positive curva-

ture, crossing the higher-temperature curve near 12 T and

Cul-N1=1.9743) A N1-Cul-0O1=90° reaching saturation by 23 T. The data for both sets become
Cul-O1= 2.0043) A 01-Cul-02=56.8§9)° measurably nonlinear with field for fields larger than 3 T.

Cul-02= 2.4783) A N1-Cul-O2=90° The trend of these data with decreasing temperature toward

the indicatedT=0 theoretical curv& is clearly apparent.
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FIG. 3. Relative magnetizatiorM/M,,, of CuPzN at T T (K?)

=1.8 K and 4.2 K. Dot-dashed line: calculat&éd=0 magnetiza- .
tion (Ref. 3 of anS=1/2 AFM chain withJ/ks=10.3 K. Dashed FIG. 5. Specific heat of CuPzN beloWw=1 K, plotted asC/T

2 e _
line: fit of T=1.82 K data to finite chain model described in text. VS T° for at constant magnetic fiejJdpH=0,3T,5T, 7T, and9 T
The fit of theT=4.2 K curve is indistinguishable from the data. Parallel tob, andu,H=9 T parallel toa.

Inset: fit residualséM =M —My;; . Solid line: T=1.8 K; dashed

line: T=4.2 K. C. Neutron scattering

While bulk measurements have established that CuPzN is
a quasi-one-dimensional magnet, such measurements cannot
distinguish along which directions spins are coupled and

Figure 4 shows the temperature dependence of the totalong which directions they are not. For CuPzN both &he
specific heat of CuPzN for a number of magnetic fieitls andb directions are candidate chain directions. To distin-
parallel tob. As H is increased, the broad feature observed inguish between these possibilities we measured the wave-
zero field is suppressed, and the maximum gradually shifts tgector dependence of the inelastic magnetic neutron-
lower T. The solid lines are the results of a fit to a modelscattering cross section in thehK0) plane at low
based on exact diagonalization of short chains, as describd@mperatures and for low values of energy transfer Fig-
below. The dashed line is the estimated phonon contributiod"® 6@ shows three scans along the direction collected at
determined from the fit. T=0.3 Kandhw=0.29 meV, for three different values of

Figure 5 shows an expanded view of the data in Fig. 4 fotvave-vector transfer along the perpendicidaraxis (indi-
T<1 K, plotted asC/T vs T2. In addition, the specific heat cated as dots in Fig.)1None of the scans shows any statis-

at uoH=9 T parallel toa is shown. A predominantly linear tically significant modulation. There is, however, clearly

in T behavior is observed. The positive slope visible atMOre intensity folQ-a*= than for the other nearby values

uH=9 T is a consequence of the field-induced shift 0fof this component of wave-vector transfer. This is brought

spectral weight to lower temperature. An increase in the linOUt by Fig. b), which shows the difference between the

ear part ofC(T) with increasing field is also seen. This in-

B. Specific heat

dicates a renormalization of the spinon velocity with field, as 1407 g T T
will be discussed below. £120F (a) q" _076n 8
E ool H=" ]
5 T T T T ‘%122‘ : q"=1'24n i Egi_
: QNI ITE LAY % i ]
o 2 sl fypaitiiy :
R § oHEEg stag :

X 3 = L

= 0 } } } }
of b 1ot |
© o " }H—HLLHE'
i (p) 1 1 L } 1 L 1 { L { L ]
04 06 08 10 12 14 16

...................... k (rlu)

10 FIG. 6. Neutron-scattering intensity vs wave-vector trankbr

perpendicular to the chains &tw=0.29 meV atT=0.3 K. (a)

FIG. 4. Specific heat of CuPzN VBat constant magnetic field Raw data ah=0.5, 0.38, and 0.62(= ,0.76m, and 1.24r.) (b)

uoH=0,3T,5T, 7T, and 9 T parallel tb. Solid lines are afitto Difference Al betweenh=0.5 scan and the average of tlime

an exact diagonalization model as described in text. Dashed line is 0.38 anch=0.62 scans. The lack of variation &l with k shows
the phonon contribution determined from the fit. the one dimensionality of the magnetic scattering in CuPzN.
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W=7 T T T 1], these scans wave-vector transfer alonghhealirection was
1oL 52= 079 meV I varied so as to maintai parallel toa* as required to main-

L 16 i tain good wave-vector resolution along the spin chain in the
100} YR focusing analyzer configuration. Atw=0.29 meV a single
' | peak is observed at= 7, consistent with the data in Fig. 6.
When the temperature is raisedTie-20 K this peak disap-
pears, as shown by the solid symbols in Fige)7This indi-

50 L 205 0

£ cates that the inelastic scattering observed is indeed magnetic
g 150 in origin. As# w is increased af =0.3 K two peaks become

*§ 100 visible, demonstrating the presence of dispersion along the
3 L chain direction. AtAw=0.79 meV, the two peaks are

> 50 clearly resolved, but it is also apparent that the scattering

;'33 0' cross section between the peaks is finite, which indicates a
c t

continuum contribution. The locations of the maxima in
these constantw scans coincide with the lower bound of
the spinon continuum anticipated for CuPzN on the basis of
bulk measurementsee Fig. 1 Figure 8 shows the scatter-

ing intensity vshw atq=7/2 (i.e., along the vertical line in

Fig. 1. The abrupt increase in intensity Atw~1.3 meV

0 e o8 o8 10 T2 17 Te and the subsequent gradual decay at higher energies are
g/ again characteristic of the bounded spinon continuum. The
solid lines in Figs. 7 and 8 were obtained from a fit to a

FIG. 7. Neutron-scattering intensity vs wave-vector transfer . _— ~
along the chains. Open symbol$=0.3 K. Filled symbols:T model of the two-spinon contributions §(q,) to be de-
scribed below.

=20 K. Right-hand axis gives normalized intensity scale as de-
scribed in text. Solid lines are fit toB=0 model forS(q, ) (Ref.
11).

300
200

100

V. DISCUSSION

Q-a*=7 and theQ-a*+# 7 data. No modulation beyond A. Magnetization
that associated with the single-ion squared magnetic form

factor (solid lin@) is ob 4. which indicates the ab f As is well known, many of the finite-temperature thermo-
actor(solid in€) Is 0 serve* » Which Indicates the absence 0 dynamic properties of quantum spin chains can be calculated
spin correlations along thie* direction on a time scale &/

—2 ps forksT<#w. This observation allows us to use the quite accurately from exact diagonalization of short chdfns.
= 8 )

horizontally focusing analyzer to gain sensitivity by probing Comparison of data to calculations of this type is a very

. i ) ~ effective way of ascertaining how well a material is de-
theb®-integrated intensity as we explore th&Q-adepen-  goripeqd by a particular model, and also of determining the

dence ofS(Q,w). , _exchange constants in that model. We now compare our re-
Data collected with the focusing analyzer are shown ingis for the magnetization and specific heat of CuPzN to

Figs. 7 and 8. Figure 7 shows the inelastic scattering intenéxact diagonalizations of linear chains containing upNto

sity versus wave-vector transfer along the chains af’ =16 spins 1/2.
=0.3 K for three fixed values of energy transfér For the magnetization, we find surprisingly good agree-
=0.29 meV, 0.54 meV, and 0.79 meV. Note that in all ment between our data and the calculated resulf\ferl6.
We carried out a simultaneous fit to both data sets shown in
T T T 1.5 Fig. 3 (T=1.82 and 4.2 K using the measured average
factorga,y=2.11. This fit gavel/kg=10.3(1) K**The re-
sults of the fit are superimposed on the data in Fig. 3 but can
only be distinguished from the data neagH=15 T atT
=1.82 K. The residual$M =M — My;; are shown in the
inset of Fig. 3. These show the deviation of model from data
to be significantly less than 1% over most of the field range.
As a measure of the error in this fit associated with the finite
system size used in the calculation, we have studied the con-
vergence of M(H,T,N) with increasing N. At T
ob——1 1 1'5 —l =1.82 K(kgT/J=0.17), the differencé M(N=16)—M(N
T E(mev) ' =15)]/Mg,; is less than 0.003 for al. At T=4.2 K, this
difference is less than210 °. We conclude that our exact
FIG. 8. Neutron-scattering intensity vs energy transfergat diagonalization results are representative of infinite length
=7/2 andT=0.3 K. Right-hand axis gives normalized intensity chains in the parameter range studied and that the magneti-
scale as described in text. The solid line is fit td @0 model for zation of CuPzN down t&gT/J=0.17 is perfectly described
S(0,w) (Ref. 11, by the linear chain model.

150}
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o
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100
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e
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50

1
(=)

Intensity (counts/20 min)




PRB 59 CHARACTERIZATION OF A QUASI-ONE-DIMENSIONAL . .. 1013

B. Specific heat 0.75

At the high end of the temperature range accessed in our
measurements, the specific heat may also be calculated accu- 070

rately from exact diagonalization. Following Bonner and &
Fisher’?> we compute the specific heat at constant field < 065
Cyx(J,T) as the average of that obtained from chains with 15 €

and 16 spins. Finite-size scaling suggests that this procedure = g0
gives quite accurate results down to temperatlg$/J
~0.2. All the data forT>2 K in Fig. 4 were fit simulta-
neously to

0.55

— 3 1 1 ]
C(M=ACy(J, T)+BT", 2 0'500 02 04 06 08 10 12 14

where the second term accounts for the lattice contribution. gugHd
As shown by the solid lines in Fig. 4, this model accounts for

the data very well, withA=1.091), J/kg=10.6(1) K, =lim;_,C/T) derived from lowT specific-heat data, compared to

and B=2.4(1) mJ/mol K. We ascribe the deviation o Bethe-ansatz calculatiofsolid line). The data were scaled by a

from 1 to a systematic error in the normalization of our SP€+actor 0.95 to account for a systematic error in normalization that

cific heat data. This is corroborated by a computation of th‘%/vas derived from the comparison to exact diagonalization data

magnetic entropy from the specific heat data, Whizgh COME8hown in Fig. 4. Inset: calculated field dependence of the spinon
out to be 4% higher than the expected valudRdnh 2. velocity v(H).

The linear dispersion relation of the fermionic spinons at

low energy implies that the low-temperature specific heat OBf A to givev as a smooth function o, which is shown in

g;,em,sssz 1/2 AFM chain shouild be linear iff. It is given the inset to Fig. 9. This determines the theoretical curve of

the coefficienty(H) with no adjustable parameters, onte
7 kT and theg value are fixed.

CH(T)=yHT=§Rm, 3 Figure 9 shows the measured field dependenceypf

s =Cy /T determined from the data in Fig. 5, together with the
wherev(H) is the field-dependent spinon velocity. In zero calculated result. These are plotted against reduced field
field, vs=mJ/2, and the specific heat become€ *=gugH/J with J/kg=10.6 K, andg,=2.05 andg,
= (2/3)RkgT/J3,%%" a result which has been confirmed ex- =2.27%° Note that for this comparison a correction factor
perimentally in both copper benzodteand CuPzN? The  1/A=0.95 was applied to the specific-heat data to account
field dependence afy(H) can be determined from the Bethe for the normalization error discovered when comparing to

FIG. 9. Field dependence of the Sommerfeld constapt (

ansatZz3® and used to predid€(T). It is calculated as exact diagonalization calculations. The agreement between
model and data is excellent and the data provides direct ex-
_ E ) perimental evidence for the field dependence of the spinon

UsT2ma(A)’ velocity in theS=1/2 AFM chain.

whereE and o are determined by the following set of inte- _
gral equations: C. Neutron scattering

The magnetic contribution to the measured inelastic
neutron-scattering signal is proportional to the normalized

1 (A
§(m=1- ZJ,AK("_ )& )dn’, magnetic scattering intensity

2
1 1 (A T _|9 —0.0.%8
()= ————— " K(n—n)o(n)dn", [(Qw) ‘ZF(Q) 2, (95~ QuQS™(Qu0). (®
m(1+ 5% 2m)-a
R In this expressionF(Q) is the magnetic form factor of
p(,]):i M_J K(7—7")p(7")dy’ CUw",% and 8*#(Q,w) is the convolution of the dynamic
2 d — ’ in- i iofA°
™ 7 A spin-correlation functiof
4A A 1 1
_ af - ot
—m“‘f_fo(ﬁ)ﬂ(ﬂ)dﬂ, ) SP(Q,w) zwﬁj dte N
with K(7)=4/(4+ 5%). The boundary of integration is a1\ aB -iQ-(R-R")
related to the magnetic fieldH by gugH/J x%’ (SO (0)e - @

=2ma(A)/&(A). In practice, we first fixed the value dof,

and then solved the integral equations by numerical integra®ith the normalized instrumental resolution functibrive

tion and iteration to obtaing andH. Accuracy of more than determined! (Q,w) in absolute units by comparison of the
six digits can be achieved within minutes on a standardnagnetic scattering intensity to the incoherent scattering in-
workstation. We performed the calculation for many valuestensity |, from a vanadium reference sample:
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- 1 ny [ b;\? best possible fit to the scattering data. The results of this fit

H(Q w)= —H_CU(G) Imag Q, @). ®  with A=3.5(1) andJ=0.90(1) meV are shown as solid
f lvdfio lines in Figs. 7 and 8, and may be seen to provide an excel-

lent description of the data. The value &fderived from

Hereny andng, are the number of moles of vanadium and neutron scattering is indistinguishable from that derived from

copper in the reference and sample, respectivdly, specific heat data.

=6.36 fm is the incoherent scattering length for

vanadiunt’ ry=5.38 fm, andl ,,(Q,w) is the portion of

the measured signal attributable to magnetic scattering. The VI. CONCLUSION

conversion of the measured count rates (Q, ) is shown The combination of magnetization, specific heat, and in-
on the right-hand axis in Figs. 7 and 8. As a complete, indeelastic neutron scattering reported here show that CuPzN is
pendent measure of the nonmagnetic background was nekiremely well described by the simple isotropic Heisenberg
made, the zero of the(Q,w) scale was set from the back- model of the S=1/2 AFM spin chain with J
grounds determined in fitting the data. =0.90(1) meV. The neutron-scattering measurements have

Miller et al!! proposed the following approximate ex- confirmed that the crystallina axis is the one-dimensional
pression for theT =0 dynamic spin-correlation function for chain axis, as had been predicted from structural analysis.
the spin-1/2 Heisenberg AFM chain: The field dependence of the specific heat shows that CuPzN

3 remains gapless in a field and that the spinon velocity is

- 1 A - reduced in agreement with predictions based on calculations
3““(q,w)=2— =00~ €(q) using the Bethe-ansatz technique. Taken as a whole, these
T N(hw)?—€(q) results establish that CuPzN is an excellent model system for

- the one-dimensional spin-1/2 Heisenberg antiferromagnet
X 0(ex(q) —fw). (9 even in large magnetic fieldsyfgH/J<1.4) and at low
. . . . o temperatures kgT/J=0.03). This material is therefore an
In this expressior®(x) is the step function, whiler,(q) excellent candidate for further studies of the unique field-

=(mJ/2)|sing| ande,(q) = mJ sing/2 are the lower and Up- jependent quantum critical properties of the spin-1/2 Heisen-
per bounds of the spinon continuum. Recent publlcatlon%erg antiferromagnet.

present exact calculations of the contributiors{@], ) from
n-spinon excitationd®4243 The numerical differences be-
tween the exact expressions 8¢, ) and the simpler ap-
proximate form are small, and are unimportant for the analy- NSE Grants No. DMR-9357518 and No. DMR-9453362
sis of our relatively low statistics scattering data for CuPzN.sypported work at JHU. This work utilized neutron research
For the purpose of determining whether the scattering datgcilities supported by NIST and the NSF under Agreement
can be described by the spin chain model that accounted fao. DMR-9423101. A portion of this work was performed at
our bulk data we have therefore used E9). This expression  the National High Magnetic Field Laboratory, which is sup-
was convolved with the experimental resolution function andyorted by NSF cooperative agreement No. DMR-9527035
the overall scale factoA, the exchange constadt and a  and the State of Florida. D.H.R. acknowledges support from
constant background for each scan were varied to achieve tliee David and Lucile Packard Foundation.
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