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We report the neutron scattering studies of the nuclear and magnetic structures of deuterated samples of the
model two-dimensional S=1/2 Heisenberg antiferromagnets on a square lattice, �d6-5CAP�2CuCl4 and
�d6-5CAP�2CuBr4 �where 5CAP is 2-amino-5-chloropyridinium�. Interest in these materials stems from the
fact that they have relatively weak exchange between the magnetic ions, and it is therefore possible to perturb
their magnetic structures and excitations significantly in experimentally accessible magnetic fields, and thereby
access new quantum disordered states. We succeeded in growing fully deuterated single crystals and deter-
mined the nuclear and magnetic structures of the bromide at 10 and 1.8 K, respectively, confirming the
four-sublattice spin structure expected for systems, where both inter- and intraplane exchange interactions are
antiferromagnetic. The determination of the full crystal structure of the bromide highlights the possibility that
interlayer exchange may also propagate via hydrogen bonds to and through the 5CAP molecule. We also
determined the critical exponents for the sublattice magnetization of the bromide and mapped out the H-T
phase diagram of the chloride up to 5 T.
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I. INTRODUCTION

One of the key areas of activity in fundamental solid-state
magnetism today concerns the way in which quantum fluc-
tuations lead to nonclassical behavior. Interest in this field
enjoyed a resurgence after the discovery of high-temperature
superconductivity in layered cuprates, whose parent com-
pounds provide model two-dimensional �2D� S=1/2 �quan-
tum� Heisenberg antiferromagnets on a square lattice �2D
QHAFSL�. Early magnetic measurements1,2 suggested that
the ground state of members of this class of magnet might be
nonclassical, and revived much earlier models and
discussions3 of the nature of magnetic correlations in low-
moment, low-dimensional magnets. While subsequent mag-
netic measurements of various 2D QHAFSLs indicated that
the ground state and, indeed, many aspects of the one-
magnon excitations are essentially classical with small cor-
rections for quantum fluctuations, there are still surprises,4,5

particularly when perturbed through the application of a
magnetic field6,7 or diamagnetic dilution of the magnetic
lattice.8–10

The application of a strong magnetic field may induce
mixing of the one-magnon excitations and the two-magnon
continuum, destabilizing the former.6,7 It has been predicted
that the spin waves may thus become unstable with respect
to two-magnon decay at a critical field H*; for square and
cubic lattices H*�0.76Hc where Hc is the critical field at
which the magnetization is saturated, and is equal to
�8JS� / �g�B� �Ref. 11� for a square antiferromagnet with the
following magnetic Hamiltonian:

H = J�
�i,j�

SiSj .

Here, the sum is over all spins i and their nearest neighbors j,
and J is the corresponding exchange constant. It is not prac-
tical to explore such effects experimentally using layered cu-
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prates on account of the high value of J ��1500 K�, requir-
ing fields of the order of 4500 T to bring about saturation.
Copper formate tetrahydrate �CFTH� and its deuterated rela-
tive �CFTD� have smaller values of J ��72 K�, and have
allowed in-depth studies of the model 2D QHAFSLs �Refs. 5
and 12–18� but they too would require impractical fields to
probe behavior in the region of H* �Hsat�200 T�.

An alternative model system based on a lattice of Cu2+

ions connected magnetically through halide ions has been
prepared and characterized19–21 and shown to have a signifi-
cantly lower energy scale for J. These materials have the
chemical formula �5CAP�2CuX4 or �5MAP�2CuX4 �where
X=Cl or Br� �5CAP is 2-amino-5-chloropyridinium and
5MAP is 2-amino-5-methylpyridinium�. Detailed heat-
capacity and magnetic-susceptibility measurements yielded
the magnetic parameters summarized in Table I. J takes val-
ues in the range of 0.76–8.5 K, which corresponds to satu-
ration fields in the range of 2.3–25 T, promising access to an
unprecedented range of H /J to probe the influence of quan-
tum fluctuations on this class of magnet.

In this paper, we report neutron scattering studies of mag-
netic correlations in perdeuterated single crystals of
�5CAP�2CuX4 �X=Br, Cl� or �d6-5CAP�2CuX4. A different
experimental setup was used for each crystal as a conse-
quence of both the temperature range required and the avail-
ability of suitable cryostats that are also compatible with the
neutron diffractometers used. In both cases, we confirmed
that long-range magnetic order sets in below the values of TN

determined by previous thermodynamic measurements, and
measured the sublattice magnetization. The measurements on
the bromide also gave a full crystallographic structure at
10 K and a magnetic spin structure at 1.8 K. The measure-
ments on the chloride provided rather less detailed informa-
tion on the spin structure because we were only able to ac-
cess a limited region of reciprocal space, but they did allow
us to map out regions of the H-T phase diagram. This study
provides the necessary foundation for further work on the
spin dynamics of both materials.

II. EXPERIMENT

A. Synthesis and characterization

1. Preparation of single crystals of perdeuterated (5CAP)2CuCl4
and (5CAP)2CuBr4

The ligand 5CAP is not available commercially in a per-
deuterated form, so it was synthesized using a modification
of an established method;26 details of this process are given
in Appendix A. The ligand was then added to solutions of
appropriate copper �II� halides in D2O, and then placed in a
desiccator loaded with silica gel and the solvent pulled off
over the course of several weeks at room temperature �ap-
proximately 25 °C� until crystals formed. Further details of
this procedure are given in Appendix B. The crystals of the
chloride were orange and readily grew to volumes of the
order of 10 mm3 in the form of lozenges with well-defined
faces; crystals of the bromide were dark brown and much
less regular in shape.

B. Neutron diffraction measurements

1. (d6-5CAP)2CuBr4

Neutron diffraction data for �d6-5CAP�2CuBr4 were mea-
sured on the four-circle diffractometer D10 at the Institut
Laue-Langevin, Grenoble. The largest crystal available �6.0
�1.4�1.4 mm3� had a compact form with distinct edges
and faces but no obvious indication of the orientation of
crystallographic axes from the crystal habit. The sample was
glued with epoxy resin to a Cd sample pin and mounted in a
He-flow cryostat,27 which allows temperatures down to 2 K
to be reached with little loss of four-circle access. D10 is
equipped with a small two-dimensional area detector,28

which for this measurement allowed optimal delineation of
the peak from the background. Two wavelengths were used:
2.3604�6� Å using a vertically curved pyrolytic graphite
�002� monochromator for measurement of the weak mag-
netic reflections and 1.5318�6� Å using a vertically focussing
multielement Cu �200� monochromator for measurement of
the higher-Q structural reflections.

TABLE I. Magnetic properties of selected S=1/2 Heisenberg antiferromagnets on a square lattice, J is the
nearest-neighbor in-plane exchange, and Hc is the critical field at which the magnetization is saturated. Values
of J� /J were calculated using an empirical expression based on QMC calculations in conjunction with
experimental values of TN and J �Ref. 25�.

Compound
JkB

−1

�K�
TN

�K� TN /J
Hc

�T� J� /J Reference

La2CuO4 �1500 310 0.21 4500 8.1�10−4 22 and 23

Sr2CuO2Cl4 �1450 251 0.17 4300 1.11�10−4 24

Cu�COO�24D2O 71.8 16.5 0.23 220 1.9�10−3 14, 16, 18, and 22

�5CAP�2CuBr4 8.5 5.20 0.61 25.3 0.26 20 and 21, this
work

�5MAP�2CuBr4 6.5 3.8 0.58 19.4 0.22 21

�5CAP�2CuCl4 1.25 0.754 0.60 3.62 0.25 19, this work

�5MAP�2CuCl4 0.76 0.44 0.57 2.26 0.21 19
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Crystal structure at 10 K. Two complete sets of unique
structural reflections to sin��� /�=0.40 Å−1 were scanned at
10 K with a wavelength of 2.3604 Å �1134 reflections�, as
well as one nearly complete set of unique reflections in the
range of 0.40=sin��� /�=0.61 Å−1 at a wavelength of
1.5318 Å �1152 reflections�. Background29 and Lorentz cor-
rections were applied. Absorption corrections were made by
Gaussian integration using the calculated attenuation coeffi-
cients �=0.0528 and 0.0386 mm−1 at 2.3604 and 1.5318 Å,
respectively, taking into account the exchange of the labile
amine deuterium atoms discussed below, giving a transmis-
sion range of 0.851–0.952. Averaging over symmetry equiva-
lents gave 523 and 1083 unique reflections at 2.3604 and
1.5318 Å, respectively. The reflections �h0l� where l is odd,
which are systematically absent in space group C2/c, all
showed small but significant contributions of similar magni-
tude to the nearly constant discrepancy between the observed
and calculated F2 of allowed reflections noted in the prelimi-
nary refinements of the crystal structure. We attributed this to
multiple diffraction, which we could correct by subtraction
of a mildly Q-dependent contribution from all observed F2.30

Since the three-dimensional count distribution around each
reflection was observed, the centroids of all scanned reflec-
tions could be found. Least-squares matching of the observed
and calculated coordinates of the centroids of the 707 stron-
gest reflections at 2.3604 Å gave cell parameters a
=12.9032�8�, b=8.7577�6�, c=15.8324�11� Å, and �
=94.171�6�°.

Structure refinements were made using programs based
on the Cambridge Crystallographic Subroutine Library,31

with starting coordinates taken from the room-temperature
x-ray structure.21 In all refinements, the quantity minimized
was �w��Fobs�− �Fcalc��2, using weights according to w
= ��2�Fobs

2 �	−1, where �2 was derived from Poisson counting
statistics and the population statistics within each group of
equivalent reflections where these existed. Neutron scattering
lengths assumed for Cu, Br, Cl, N, C, and D were 7.718,
6.79, 9.579, 9.36, 6.648, and 6.674 fm.32 In preliminary re-
finements, the occupation factors of all D sites were varied to
allow for possible exchange with H during or since the
growth of the crystal. Indeed, this was indicated for the labile
sites D�1�, D�2a�, and D�2b� attached to N atoms, and in later
refinements, two occupation factors were varied, one for
D�1� and a common factor for the chemically equivalent
D�2a� and D�2b�. The refined occupation factors �0.79 and
0.78� correspond to 14% exchange with H. It was also nec-
essary to model the thermal displacement of all deuterium
sites anisotropically due to the significant libration of these
atoms even at 10 K. Several isotropic extinction models
within the formalism of Becker and Coppens33 were tried.
The best agreement between observed and calculated data
was for a type-I model with a Lorentzian distribution of mo-
saic blocks. The most severe extinction correction y
��Fobs,corrected�2=y�Fobs�2� was 0.42. There were 101 variable
parameters in the final structural refinement: two scale fac-
tors, the angular mosaic width, the positional and thermal
displacement parameters for all 27 atoms in the asymmetric

unit, and the two site occupation factors for the labile deute-
rium atoms. The agreement indicators following the final re-
finement were R�F�=��	� /�Fobs=0.039, wR�F�
= ��w	2 /�wFobs

2 �1/2=0.031, and 
2=�w	2 /��n− p�=5.95,
where 	=Fobs− �Fcalc� and n and p are the number of obser-
vations and number of parameters, respectively.

Magnetic structure at 1.8 K. A limited survey of recipro-
cal space at 1.8 K revealed the presence of additional reflec-
tions that did not satisfy the C-centering operator of the
structural space group. The strongest were �011�, �101�, and
�01−1�, which were about 0.02% the intensity of the stron-
gest structural reflection, while �10−1� and all reflections
with l=0 were unobservable. 56 reflections with h+k=2n
+1 to sin��� /�=0.229 Å−1 were scanned at both 18 and
10 K at the wavelength of 2.3604 Å. To remove the contri-
bution from the small half-wavelength contamination, the in-
tegrated intensity of each reflection was obtained by a Gauss-
ian fit to the difference between the � projections of
corresponding scans at 1.8 and 10 K. Lorentz and absorption
corrections were applied, as described above. No correction
for multiple scattering was necessary since either the opera-
tive reflection or the cooperative reflection must also fail to
satisfy the C-centering operation, and is therefore too weak
to lead to a significant multiple-scattering contribution.

Magnetic critical behavior. Among the reflections that
had significant intensity at 1.8 K but negligible intensity at
10 K, �101� was the strongest, and this was used to deter-
mine the dependence of the sublattice magnetization on tem-
perature from 1.8 K to temperatures in the region of 5 K
�Fig. 3�.

2. „d6-5CAP…2CuCl4

Our sample of (d6-5CAP)2CuCl4 formed lozenge-shaped
crystals such that c* was perpendicular to the faces with the
largest area. The largest crystal �5.0�2.5�1.5 mm3� was
oriented to a* and c* in the horizontal scattering plane of the
neutron diffractometer. The sample was then attached to a
copper pin with epoxy resin, and the pin and glue shielded
with Cd before mounting in an Oxford Instruments Kelvinox
dilution fridge, and placed in the core of the VM2 split-coil,
vertical-field magnet �base temperature of 30 mK and maxi-
mum field of 7 T�. The diffractometer was the two-axis in-
strument E4 located at the BER-II reactor at HMI, and was
set up with 20 in. collimation on the beam incident on the
sample, 40 in. collimation in front of the detector, and a neu-
tron wavelength of 2.426 Å �PG 002�.

A survey was made of likely magnetic reflections at
30 mK; scanning positions �h0l� for h=0→3 and for l=−3
→3 �the limits of these scans being set by the wavelength
and the geometry of the instrument�. The strongest of those
reflections that are forbidden for nuclear scattering in space
group C2/c �space group 15 �b1� in the International Tables
of Crystallography34	 was again the �101� �we have assumed
that the space group determined at 143 K by x-ray measure-
ments is still appropriate for these low temperatures,19 and
the selection rule for this space group is h or l=2n for �h0l�
reflections	. This was then studied as a function of tempera-
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ture to determine TN and the evolution of the sublattice mag-
netization. Subsequently, the temperature-field phase dia-
gram was mapped out up to 5 T, first by observing the
variation of TN with H from neutron diffraction intensities
and second by measuring the heat capacity using an Oxford
Instruments MagLabHC microcalorimeter. With a 3He sorp-
tion pumped insert, calorimeter temperatures as low as
0.35 K can be achieved in a magnetic-field environment up
to 8 T. The single crystalline �5CAP�2CuCl4 sample �m
=2.65 mg� was attached onto the sapphire chip calorimeter
with a small amount of Wakefield grease �m=200 �g�. The
total heat capacity data were obtained by the constant heater
power relaxation method where the subsequent temperature
profile 	T�t� was analyzed in terms of a 2-exponential
function.35 The heat capacity of the sample Cp was then ob-
tained by subtracting the contributions of the sapphire chip
and grease, which constituted �5% of the total.

III. RESULTS

A. „d6-5CAP…2CuBr4

1. Crystal structure at 10 K

The geometry and atom numbering of the asymmetric unit
of �d6-5CAP�2CuBr4 produced by the structure refinement
are shown in Fig. 1. Final atomic positional and equivalent
isotropic displacement parameters are given in Table II and
the anisotropic displacement parameters for the deuterium
sites in Table III. Selected interatomic distances and inter-
bond angles are listed in Table IV.

Our structure at 10 K is essentially the same as that de-
termined at −130 °C by x rays,21 although the deuterium
coordinates are found to have considerably better precision
in our neutron experiment. It is important for subsequent
studies of the magnetic properties to know that there are no
qualitative changes in the crystal structure down to low tem-
peratures. The large distortion of the CuBr4

2− anion from ide-
ally tetrahedral is observed again at 10 K, although it is not
obvious from the stereochemistry why the angular distortion
should be so severe. The organic cation is planar to within
0.17 Å, and all bond distances and angles within the cation
lie near the average values observed for the same bonds in
other compounds,36 indicative of little intermolecular inter-
action. For the structurally similar 2-amino-5-
methylpyridinium copper tetrabromate and tetrachlorate, it
was surmised37 that the crystal-field stabilization energy
dominates the electrostatic interaction in the presence of
strong hydrogen bonding to give a copper tetrahalide geom-
etry closer to square planar than to tetrahedral. A lesser in-
fluence might be the repulsion between Br and Cl on the
pyridinium ring to maintain the acceptable contact of
4.25�2� Å.

B. Magnetic structure at 1.8 K and sublattice magnetization

There are four Cu sites in the C centered unit cell, related
by the C centering and the center of inversion. The C cen-
tering is clearly not satisfied by the magnetic structure, but it
is reasonable to assume first that this might correspond sim-

ply to a reversal in the directions of the moments on the sites
related by the C centering. The presence of an inversion
center means that all magnetic reflections with l=0 are for-
bidden. That �10−1� is much weaker than �101� suggests that

FIG. 1. �Color online� Crystal and magnetic structures of the
bromide viewed �a� parallel and �b� perpendicular to the c axis. �c�
shows the numbering scheme for atoms in the 5CAP molecule as
used in Tables II–IV.
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the Cu moment lies nearly along �10−1	. Refinement against
a model with the same magnitude of moment on all four Cu
sites and reversal of the directions on sites related by the C
centering gave an acceptable fit with agreement indicators
R�F�=16.6, wR�F�=13.3, and 
2=3.86 �cf. Table V�, and a
Cu moment of 0.45�1��B inclined 47�4�° to the c axis near
�10−1	 within the ac plane, as illustrated in Fig. 2. Given the
complex crystal structure, a number of anisotropy sources
are possible, and it is difficult to argue which dominates the
inclination angle.

The intensity of the strongest magnetic reflection I�101�
was determined as a function of temperature and field by
fitting to a Gaussian curve, and all parameters were allowed
to vary freely. This resulted in a stable fit with relatively little
correlation between fitting parameters even close to TN. Fig-
ure 3�a� depicts the variation of the height of the Gaussian
with temperature. There was no attempt in the final fitting
process to correct for scattering from critical fluctuations in
the region of TN.38,39 The temperature dependence of I�101�

was analyzed by least-squares fits to the standard
expression38 for the critical exponent � for the sublattice
magnetization: I�101�=A
2�, where 
= �TN−T� /TN. Opti-
mized values from this procedure were TN=5.18�1� K and
�=0.23�4� for data taken over the temperature range of
4.95–5.17 K �
=0.048–0.0057� �Fig. 3�b�	. The obtained
TN is supported by the occurrence of a cusp at this tempera-
ture in the derivative of the integrated intensity40 �Fig. 3�c�	.
This value of � is similar to that reported for other 2D
QHAFSLs: CFTD �Ref. 14� displays a value of 0.23�1�,
crossing over to a value of 0.32�2� close to TN �
�0.06�.
Sr2CuO2Cl2 �Ref. 24� yields �=0.22�1� while for La2CuO4

the value of 0.28 �Ref. 41� has been reported. Since the ideal
2D Heisenberg system cannot order at finite temperature, the
three-dimensional �3D� order observed in real materials is
inevitably due to interlayer coupling. Therefore, the 3D criti-
cal exponents �0.326, 0.345, and 0.367 for the Ising, XY, and
Heisenberg cases, respectively� can be expected sufficiently
close to TN. If the interlayer coupling is assisted by easy-

TABLE II. Fractional atomic coordinates, atomic occupation factor �g�, and equivalent isotropic displace-
ment parameters �Å2� for �5CAP�2CuBr4 at 10 K. The occupation factor is used to treat exchange of H for D
at the more labile sites. The form of the displacement factor was exp�−2�2�i� jUijhih jai

*aj
*�; Ueq= �U11

+U22+ �U33�	 /3.

x y z g Ueq

Cu 0 0.0050�2� 0.25 0.0009�4�
Br�1� 0.1384�1� 0.0898�2� 0.3464�1� 0.0022�4�
Br�2� −0.1055�1� −0.1085�2� 0.3509�1� 0.0020�4�
Cl 0.0760�1� 0.4096�1� 0.1712�1� 0.0048�3�
N�1� 0.1271�1� 0.2423�1� −0.0530�1� 0.0033�3�
N�2� 0.1867�1� 0.3381�2� −0.1770�1� 0.0056�3�
C�1� 0.1602�1� 0.3611�2� −0.0983�1� 0.0024�4�
C�2� 0.1636�1� 0.5075�2� −0.0589�1� 0.0025�4�
C�3� 0.1383�1� 0.5221�2� 0.0229�1� 0.0033�4�
C�4� 0.1061�1� 0.3931�2� 0.0679�1� 0.0030�4�
C�5� 0.0996�1� 0.2541�2� 0.0281�1� 0.0035�4�
D�1� 0.1220�2� 0.1359�2� −0.0812�1� 0.788�8�
D�2� 0.1862�2� 0.6050�2� −0.0956�1�
D�3� 0.1401�2� 0.6329�2� 0.0534�1�
D�5� 0.0745�2� 0.1501�2� 0.0576�1�
D�2a� 0.1771�2� 0.2367�3� −0.2067�1� 0.777�6�
D�2b� 0.2213�2� 0.4217�3� −0.2078�1� 0.777�6�

TABLE III. Anisotropic thermal displacement parameters �Å2� for the deuterium sites in �5CAP�2CuBr4

at 10 K.

U11 U22 U33 U23 U12 U13

D�1� 0.0166�15� 0.0051�13� 0.0123�13� −0.0035�9� −0.0005�10� −0.0023�10�
D�2� 0.0228�11� 0.0103�9� 0.0147�9� 0.0023�8� 0.0014�8� −0.0035�9�
D�3� 0.0212�11� 0.0082�9� 0.0165�9� −0.0047�8� 0.0000�9� −0.0011�9�
D�5� 0.0233�11� 0.0101�9� 0.0144�10� 0.0029�8� 0.0028�9� −0.0053�9�
D�2a� 0.0229�16� 0.0096�13� 0.0156�13� −0.0073�10� 0.0046�11� −0.0042�11�
D�2b� 0.0222�15� 0.0134�13� 0.0105�11� 0.0033�10� 0.0053�10� −0.0047�11�
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plane anisotropy, one might at lower temperature anticipate a
crossover to the Bramwell-Holdsworth value of approxi-
mately 0.23 for �.24,42–44 Indeed, such a crossover is ob-
served in CFTD, while the more 2D Sr2CuO2Cl2 perhaps
only reaches 3D exponents closer to TN than hitherto experi-
mentally accessed. Dedicated critical scattering experiments,
on �d6-5CAP�2CuBr4 and the other model materials, would
be warranted for a better understanding of the order and ex-

tent of crossover regions, as well as the alternatively pro-
posed �=0.25 due to the proximity of a tricritical point in
La2CuO4.45

There has been some debate on the overall form of M�T�
for quantum 2D systems, with the proposal that a T ln T law
is expected as M�T� tends to the T=0 saturation value,
M�0�,46–48 and a mean-field dependence, with �=0.5 closer
to TN.49 Being limited to T�1.75 K
TN /3, we cannot ad-
dress the low-temperature limit of M�T�. Attempts were also
made to observe scattering from short-range correlations
above TN by scanning in a direction perpendicular to c*

through �0−10.2475� but the scattering was too weak to
merit further study with this sample.

TABLE IV. Selected interatomic distances �Å� and angles �deg�
for �5CAP�2CuBr4 at 10 K. Standard deviations are given in paren-
theses. Footnotes on the atom symbols denote positions equivalent
to those given in Table II.

CuBr4

Cu-Br�1� 2.382�2� Br�1�-Cu-Br�1�a 143.7�1�
Cu-Br�2� 2.390�2� Br�1�-Cu-Br�2� 98.0�1�

Br�2�-Cu-Br�1�a 97.9�1�
Br�2�-Cu-Br�2�a 130.8�2�

5-chloro-2-aminopyridinium

Cl-C�4� 1.714�2�
N�1�-C�1� 1.351�2�
C�1�-C�2� 1.425�2�
C�2�-C�3� 1.364�2�
C�3�-C�4� 1.415�2�
C�4�-C�5� 1.371�2�
C�5�-N�1� 1.360�2�
N�1�-D�1� 1.033�3�
C�1�-N�2� 1.331�2�
N�2�-D�2a� 1.007�3�
N�2�-D�2b� 1.002�3�
C�2�-D�2� 1.084�3�
C�3�-D�3� 1.084�3�
C�5�-D�5� 1.084�3�

Hydrogen bonds

D�5�…Br�2�a 2.702�3� C�5�-D�5�…Br�2�a 153.9�9�
C�5�…Br�2�a 3.707�3�
D�1�…Br�1�b 2.302�3� N�1�-D�1�…Br�1�b 170�2�
N�1�…Br�1�b 3.324�2�
D�2�…Br�2�c 2.876�3� C�2�-D�2�…Br�2�c 117.4�4�
C�2�…Br�2�c 3.509�2�
D�2�…Br�1�d 2.879�3� C�2�-D�2�…Br�1�d 147.4�7�
C�2�…Br�1�a 3.842�2�
D�3�…Br�2�a 2.779�3� C�3�-D�3�…Br�2�a 167�2�
C�3�…Br�1�a 3.474�2�
D�2a�…Br�2�e 2.650�3� N�2�-D�2a�…Br�2�e 142.9�7�
N�2�…Br�2�e 3.506�2�
D�2b�…Br�2�c 2.868�3� N�2�-D�2b�…Br�2�c 128.6�6�
N�2�…Br�2�c 3.580�2�
a−x, y, 1 /2+z.
bx, −y, −1/2−z.
c1 /2+x, 1 /2−y, −1/2−z.
d−x, 1+y, 1 /2+z.
e−x, −y, −z.

TABLE V. Observed and calculated structure factors for
�5CAP�2CuBr4 at 1.8 K. The total 56 measured reflections were
reduced to 34 inequivalent reflections.

h k l Fobs Fcalc

1 0 0 0.000�15� 0

−2 1 0 0.000�15� 0.012253

0 1 0 0.000�15� 0.015754

−1 2 0 0.000�15� 0.028258

−1 0 1 0.000�15� 0.012754

1 0 1 0.551�17� 0.47163

3 0 1 0.243�31� 0.36710

−2 1 1 0.251�20� 0.28808

0 1 1 0.558�26� 0.45162

2 1 1 0.366�16� 0.41962

−3 2 1 0.329�23� 0.30633

−1 2 1 0.417�24� 0.40061

1 2 1 0.443�33� 0.43262

3 2 1 0.351�26� 0.36410

−2 3 1 0.384�41� 0.34234

0 3 1 0.370�23� 0.38711

2 3 1 0.312�73� 0.36535

−1 0 2 0.000�15� 0

1 0 2 0.000�15� 0

0 1 2 0.000�15� 0.013754

−3 0 3 0.000�15� 0.011003

−1 0 3 0.179�29� 0.22006

1 0 3 0.314�27� 0.43137

3 0 3 0.464�26� 0.40236

−2 1 3 0.211�22� 0.20056

0 1 3 0.344�19� 0.37810

2 1 3 0.436�19� 0.42287

−3 2 3 0.199�21� 0.23581

−1 2 3 0.335�41� 0.33634

1 2 3 0.453�42� 0.40061

3 2 3 0.332�37� 0.36860

−2 3 3 0.319�32� 0.29583

0 3 3 0.420�26� 0.35160

2 3 3 0.284�33� 0.35110
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C. „d6-5CAP…2CuCl4

Significant scattering intensity was observed in the a*c*

plane of �5CAP� copper �II� chloride at �101�, �10−1�, �301�,
and �30−1� despite being in contravention of the reflection
condition for nuclear scattering in space group 15 �b1�;
weaker reflections of this type were also observed at �103�,
�10−3�, and �303�. The observed reflections and their rela-
tive intensities were consistent with the structure derived for
�d6-5CAP�2CuBr4, as depicted in Fig. 2, but the number of
reflections were insufficient for a refinement of the magnetic

moment and its inclination angle. The intensity of all of these
reflections was reduced to negligible levels by the applica-
tion of a 5.0 T field perpendicular to the scattering plane,
thereby proving their magnetic origin.

The treatment of data from the measurement of I�101� as
a function of temperature and magnetic field was the same as
for the bromide. Figure 4 depicts the variation of I�101� with
temperature yielding TN=754�2� mK.

The dependence of I�101� on magnetic field applied per-
pendicular to the a*c* plane was measured at several fixed
temperatures as a function of the field perpendicular to the
a*c* plane �Fig. 5�. At the base temperature of 30 mK, the
intensity disappeared at a field Hc=3.62�3� T, above which
the magnetic moments should be fully polarized with the
field. As the temperature was raised toward TN, Hc decreased
toward zero. The corresponding phase diagram is depicted in
Fig. 6. Further data were taken at temperatures between 670
and 754 mK, but the weakness of the scattering made it very

FIG. 2. �Color online� Magnetic structure depicting the copper
sites of the unit cell, with the moment direction indicated by the
arrows. The nearest-neighbor intralayer coupling J and interlayer
coupling J� are indicated by the gray lines.

FIG. 3. �Color online� �a� Dependence of I�101� on temperature
for �5CAP� copper �II� bromide in zero applied field. Data have
been corrected for background scattering. The line is a fit to the
standard power-law expression I�T�=A
2�, where 
= �1− �T /TN�	,
yielding TN=5.18�1� K and �=0.23�4�. �b� The same data in a
log-log plot. �c� The derivative of the total integrated intensity,
−dI /dT, as a function of temperature showing a cusp at TN.

FIG. 4. �Color online� Dependence of I�101� on temperature for
�5CAP� copper �II� chloride in zero applied field. Data have been
corrected for background. We deduce the transition temperature
TN=754�5� mK.

FIG. 5. �Color online� Variation of I�101� for �5CAP� copper
�II� chloride with applied field at selected temperatures denoted by
the symbols: 30 mK �closed circles�, 267 mK �open circles�,
455 mK �closed triangles�, and 670 mK �open triangles�. The black
lines are guides to the eye. Data were taken in 0.2 T steps up to and
beyond the point where no scattering intensity was observed above
the background.
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difficult to determine TN with sufficient accuracy to contrib-
ute usefully to this phase diagram for reasonable counting
times. Instead, to obtain more detailed information on the
phase boundary, we also show in Fig. 6 the heat capacity Cp
as a function of temperature and magnetic field. The antifer-
romagnetic transition is identified as a sharp peak in Cp�T�,
which is in good agreement with the neutron scattering data.
An anomaly in the neutron scattering intensity was observed
as a function of field at 35 mK and 0.2–0.3 T, and could
point to a spin-flop transition as suggested by ac susceptibil-
ity measurements on the 5MAP analog.19

IV. DISCUSSION

It has been noted before that both the materials studied in
this work have significant interplane magnetic exchange.21

Although the structure has a layered form with the 5CAP
ligands separating planes of CuX4

2− tetrahedra �X=Cl,Br�,
the pathways for intra- and interplane exchanges, respec-
tively J and J�, are not particularly dissimilar, all passing
through Cu-X-X-Cu bridges. Our measurements reveal a ra-
tio of in-plane to out-of-plane Br-Br distances of 1.17 at
10 K �with individual values of 4.23 and 4.84 Å, respec-
tively�, while Hammar et al. found this ratio to be 1.138 for
X=Cl �with individual values of in-plane and out-of-plane

Cl-Cl separations of 4.34 and 4.94 Å, respectively�.19 There
are relatively few materials in which superexchange through
Cu-X-X-Cu �X=Cl,Br�, bridges exists and has been
characterized.50,51 These exceptions include ACuCl3 materi-
als �A=Rb,Cs� with a distorted hexagonal perovskite struc-
ture in which there are chains of distorted, face-sharing
CuCl6

4− octahedra lying along the c axis. Analysis of suscep-
tibility and ESR data for the cesium salt52–54 yielded values
of intra- and interchain exchanges J /kB=28 K and J� /kB
=−5 K, respectively, while the Cl-Cl distance in the inter-
chain Cu-Cl-Cl-Cu pathway was 3.596 Å. The bromide ana-
logs have quite different structures,55,56 and no such compari-
sons may be made, although there are other ACuBr3 chain
materials in which Br-Br contacts may provide exchange
pathways—for example, �C6H11NH3�CuBr3 �cyclohexyl am-
monium tribromocuprate�II� �CHAB�	.57–59 Here, the
strength of the interchain exchange interaction is of the order
of 0.1–0.01 K and may contain contributions from dipole-
dipole coupling �the in-chain exchange is ferromagnetic�, as
well as small contributions from superexchange, which
might propagate either through Cu-Br-Br-Cu pathways or
through hydrogen bonds from Br to both protons of the
–NH2 groups. In the former pathway, the Br-Br separation is
approximately 5.05 Å, while the Br-D separation in a deu-
terated form of the latter is 2.33–2.44 Å.58 Similar behavior
is found for the corresponding chloride �C6H11NH3�CuBr3

�CHAC�, with interchain exchange interaction about half that
in CHAB, Cl-Cl separation in a potential Cu-Cl-Cl-Cu path-
way of 4.94 Å, and Cl-D bond lengths for a potential Cu-Cl-
D-N-D-Cl-Cu pathway of 2.41–2.42 Å.60

It is often stated that superexchange strength decreases
rapidly with increasing separation of the orbitals that convey
the spin information, but there have been relatively few at-
tempts to quantify the relationship, and these are limited to
specific types of exchange pathways, none of which are di-
rectly applicable to the present case. Where a relationship
has been established, it has commonly been found to take the
form J
r−n, where the exponent n typically ranges from 9 to
12, and is most commonly 10.60–63 It should be noted that
most of this work applies to 180° M-O-M or M-F-M bridges.
If we apply this relationship with n=10 and take r to refer
just to the X-X separation, we find ratios of J� /J of 0.27 and
0.21 for X=Cl and Br, respectively. Perhaps fortuitously this
corresponds closely to the calculated values for this ratio
using an empirical relation based on quantum Monte Carlo
�QMC� calculations for anisotropic cubic lattices in which
the exchange �J�� is weaker along one cell axis than the other
two �J�.25 For values of 0.001�J� /J�1, it was proposed
that for S=1/2, the following relationship holds:

TN = 2.30J/�2.43 − ln�J�/J�	 .

The values of J� /J, calculated either with this expression or,
for smaller values of J� /J, an extended variant, are given in
Table I for selected 2D QHAFSLs. Note that within the ab
layers, there is just one short Br-Br separation between
CuBr4

2− units, but two such between layers,21 so the ratio
J� /J in the implementation of the QMC method should be
replaced by 2J� /J, where each exchange constant refers to a

FIG. 6. �Color online� H-T phase diagram for �5CAP� copper
�II� chloride determined by neutron scattering and specific heat
measurements. The solid points are the critical fields obtained by
tracking the neutron scattering intensity I�101� at fixed temperatures
as a function of magnetic field applied along the b axis �Fig. 4�. The
top panel shows the heat capacity, Cp�T ,H�, as a function of tem-
perature for three constant magnetic fields �H=0, 3, and 5 T� ap-
plied perpendicular to the b axis. Cp�T ,H� was measured in a tem-
perature range T=0.35–12 K for a total of 11 different fields, from
which the color map of Cp vs temperature and field was con-
structed. To allow direct comparison with the neutron scattering
data, the magnetic-field scale for the Cp data has been scaled by the
g factors �Ref. 21� gac /gb=2.06/2.22. The peak in Cp traces the
phase transition to the antiferromagnetic phase in good accord with
the neutron scattering data.
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single exchange pathway. It should also be noted that the
disposition of magnetic atoms and exchange pathways be-
tween layers is quite different in these materials compared to
La2CuO4 and related, layered cuprates, as well as in CFTD
and CFTH; in these other materials, copper sites in one layer
are displaced by � 1

2 , 1
2

� relative to those in adjacent layers,
and the different interlayer exchange interactions sum up to
zero. Both these factors conspire to make J� /J larger for both
�5CAP�2CuX4 compounds.

Other exchange pathways may also be significant in these
materials. For the bromide, the shortest separation between
Br and D atoms coordinated to nitrogen is 2.303 Å. In addi-
tion, exchange may propagate via the 5CAP molecules: there
are several different D-Br separations �Table IV�, the small-
est being 2.302 Å �D�5�-Br�2�	, and several in the range of
2.65–2.8 Å �D�2a�-Br�2�, D�5�-Br�2�, and D�3�-Br�2�	; simi-
lar pathways have been shown to be responsible for ex-
change interactions between Cu2+ ions of the order of
1–2 cm−1 �J /kB�1.2–2.9 K�.64 Of course, the materials
studied here differ from those in previous studies in their
being predominantly deuterated. However, this is expected to
lead to relatively small changes in exchange interactions,
with a modest reduction anticipated when H is substituted by
D.65,66 Figure 7 shows these hydrogen bonds for
�d6-5CAP�2CuBr4, together with the shortest Br-Br separa-
tions. This points to methods of improving the magnetic an-
isotropy through the use of the longer, less-conjugated or-
ganic species—though, of course, 5CAP is likely to play a
role in the formation of this particular type of structure, pos-
sibly through relatively weak covalent interactions involving
its � system, and replacement by quite a different organic
species could lead to quite different structures.

V. CONCLUSIONS

We have used single-crystal neutron diffraction to study
the nuclear and magnetic structures of deuterated samples of
the model two-dimensional S=1/2 square Heisenberg anti-
ferromagnets �d6-5CAP�2CuCl4 and �d6-5CAP�2CuBr4. Our
magnetic measurements confirm previous susceptibility stud-
ies that demonstrated antiferromagnetic coupling within and
between the magnetic layers, with a modest degree of aniso-
tropy: application of a recently derived empirical relationship
between J, J�, and TN indicates J� /J to be of the order of 0.1
�i.e., the ratio of the total inter- to intraplane exchange cou-
plings is 0.2 taking into account the relative number of inter-
and intraplane exchange pathways�. Consideration of the
crystal structure of the bromide indicates that the 5CAP mol-
ecules may also play a role in intra- and interlayer coupling,
being hydrogen bonded to Br as well as providing a conju-
gated system for delocalization of spin polarization. Similar
effects almost certainly come into play in the chloride ana-
logs.

In summary, the temperature dependence of the sublattice
magnetization for both materials is compatible with those
expected for quasi-2D antiferromagnets, and the general fea-
tures of the H-T phase diagram of the chloride up to 5 T as
well as the static spin structure of the bromide all appear
quite conventional. Our results thereby provide the necessary

foundation for further work to explore nonclassical behavior
in applied magnetic fields where H /J is large.7 To our
knowledge, �d6-5CAP�2CuCl4 is the only candidate model
material in which the saturation field is accessible to inelastic
neutron scattering �Hs�15 T�, and for which large crystals
have successfully been grown.

Although the deduced values of J� /J are not as good as
for previously studied model systems, the effect of J� is
small away from the 3D critical region. Furthermore, it is
believed that the predictions for behavior in high magnetic
fields are robust toward significant 3D interactions.7 In fact,
the existence of intermediate J� /J materials such as
�d6-5CAP�2CuX4 may become advantageous. There have re-
cently been both numerical and analytical scaling predictions
for quasi-2D Heisenberg antiferromagnets.25,67 To test these
predictions, a series of different materials spanning a range
in J� /J must be investigated.

Nevertheless, there is still a need to produce better ex-
amples of model 2D QHAFSLs, and, in particular, to de-

FIG. 7. �Color online� Crystal structure of the bromide viewed
�a� nearly parallel and �b� perpendicular to the c axis along a+b,
with closest Br–Br separations and shortest Br–D separations indi-
cated by the dashed lines.
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crease the ratio J� /J while keeping J /kB below 5 K �corre-
sponding to a saturation field of 15 T—the maximum
currently achievable for neutron scattering�. One way ahead
could be to add bulky functional groups to the 5CAP mol-
ecules, but the probability that a similar structure will form is
low, so until there is a quantum leap in the power of compu-
tational prediction of the structure of molecular materials, we
rely on intuition and the synthesis of many new compounds
with S=1/2 centers to provide such models.68
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APPENDIX A: SYNTHESIS OF PER-
D-2-AMINO-5-CHLOROPYRIDINE

Per-d-2-aminopyridine �4.95 g, 49.5 mmol� was dissolved
in 72% D2SO4 �Aldrich� �25 ml� and treated with a slow
infusion of Cl2 gas �generated from solid KMnO4 �Aldrich,
3.4 g� and concentrated HCl �25 ml�, equating to 1 mol
equivalence of chlorine, which was precondensed into a
small tube cooled by dry ice and subsequently allowed to
boil off very slowly	. This reaction mixture was allowed to
reflux at approximately −30 °C for approximately 8 h before
it was allowed to warm to room temperature ��293 K�. The
reaction mixture was then carefully treated with NaOD solu-
tion �approximately 50% in D2O, preprepared from D2O and
sodium metal under nitrogen �care�	 until the pH of the re-
sulting mixture was approximately 12. Following dilution
with D2O �Aldrich, approximately 30 ml�, the resulting
Na2SO4 was filtered off and sucked as dry as possible on a
frit. The solid product was washed further with D2O �ap-

proximately 300 ml�, until nearly all had dissolved. NaCl �s�
was added to the latter D2O washings, until no more salt
would dissolve, and the saturated solution was extracted with
ethyl acetate �3�approximately 50 ml�, dried over NaSO4,
filtered, and concentrated in vacuo to yield the title ligand as
a white crystalline solid �1.6 g, 24%�. This was shown by
electron-impact mass spectrometry to have a m /z of 133.5,
five mass units greater than the nondeuterated analog, with
no other peaks below this that would indicate exchange of
deuterons to protons.

APPENDIX B: PREPARATION OF SINGLE CRYSTALS OF
PERDEUTERATED „5CAP…2CuCl4 and „5CAP…2CuBr4

To anhydrous copper �II� chloride �Aldrich, 0.69 g,
5.13 mmol, 1 eq� was added DCl �37 wt %, 1.04 ml,
10.26 mmol, 2 eq�, followed by D2O �approximately 20 ml�.
The resulting mixture was stirred for about 1 min before the
deuterated ligand �1.37 g, 10.26 mmol, 2 eq� was added por-
tionwise. The resulting mixture was heated gently until all of
the solid which had formed dissolved completely. The green
solution was then filtered into a 50 ml beaker which had
been pretreated �with 10% dimethyldichlorosilane �Aldrich�
in ethanol, emptied and washed with acetone and dried in the
oven	. This beaker was then placed in a sealed desiccator
which held freshly dried self-indicating silica gel. The desic-
cator was left undisturbed for at least 6 weeks during which
time the solution became a deeper green before orange crys-
tals of the title compound �d6-5CAP�2CuCl4 were observed.
�d6-5CAP� copper �II� bromide was crystallized in an analo-
gous manner to the chloride: to 20 ml of D2O were added
anhydrous copper �II� bromide �Aldrich, 2.23 g, 10 mmol, 1
eq�, DBr �47 wt %, 2.27 ml, 20 mmol, 2 eq�, and the organic
ligand �2.67 g, 20 mmol, 2 eq�. The crystals typically took
eight weeks to grow to a size suitable for neutron diffraction
��10 mm3�.
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