
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 020405~R! ~2004!
Field-induced magnetic ordering in NiCl2"4SC„NH2…2
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We have investigated the low-temperatureT field-induced ordering in NiCl2•4SC(NH2)2, from magnetiza-
tion measurements. This is anS51 system with a large single-ion uniaxial anisotropy leaving a singlet ground
state. An external magnetic field (B) parallel to the symmetry axis induces an antiferromagnetically ordered
phase forBc1,B,Bc2. The establishment of this long-range order can be regarded as a Bose-Einstein con-
densation of magnons. The phase boundaries are predicted to obey power laws@Bc(T)2Bc(0)#}Ta. The
determined phase boundaries could be fitted to power laws yieldinga152.6360.10 for Bc1(T) and a2

52.5560.10 forBc2(T).
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Magnetic systems having a singlet ground state, and w
an excitation gapD that can be overcome by magnetic fiel
obtainable in laboratory, have received considerable atten
lately,1–9 due to the interesting quantum effects exhibite
Antiferromagnetic spin dimers,1–6 S51 antiferromagnetic
chains,7 S51/2 alternating chains,8 and even-leg spin
ladders9 are examples. In these systems, an external m
netic field can lower one of the upper energy levels, wh
eventually get close to the ground level creating the nec
sary degeneracy for the appearance of magnetic order.
presence of a small exchange interaction can lead to lo
range order~LRO! at a critical fieldBc1. Further increasing
the field should lead to a second transition atBc2 after which
the system saturates. As pointed out many years ago,10 the
onset of this LRO can be viewed as a Bose-Einstein cond
sation~BEC! of magnons and recent papers have addres
specifically to this point.1–6

The first attempt to interpret this field-induced order in t
context of BEC was done by Nikuniet al.2 Their Hartree-
Fock-Popov calculation~HFP-BEC! was able to explain
qualitative aspects of the experimental data for the co
pound TlCuCl3 ~a coupled spin-dimer system! which were in
clear disagreement with the predictions of mean-field the
~MFT!.11,12 One of such aspects is the behavior of the m
netizationM as a function of temperatureT nearBc1 where a
cusplike dip was observed. Another aspect is the power-
behavior of the observed phase boundary

Bc~T!2Bc~0!}Ta. ~1!

Although the BEC picture does predict a power law, in qua
tative agreement with the data, the value ofa1 calculated by
Nikuni et al.2 for Bc1(T), a151.5, differed somewhat from
the best fit to the TlCuCl3 data which yieldeda152.2.2,5

Subsequent neutron-diffraction studies, confirmed the B
character of the transition.1,6

To further investigate this point, Wesselet al.3 have ob-
tained the entire field-induced phase diagram applying qu
tum Monte Carlo technique to the three-dimensional~3D!
antiferromagnetic spin-1/2 Heisenberg model with spatia
anisotropic exchange couplings. Magnetization simulati
with Hamiltonians appropriate for weakly coupled dime
~such as TlCuCl3) and weakly coupled Heisenberg ladde
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were made. The general characteristics of theM (T) curve
were found to agree qualitatively with the isotropic HF
BEC. Both phase boundaries,Bc1(T) and Bc2(T), deter-
mined from the extrema inM (T), could be fitted to power
laws up to temperatures close to the highest-ordering t
perature, for both Hamiltonians. The best exponents for
dimers case werea152.760.2 anda252.360.2 forBc1(T)
and Bc2(T), respectively, anda153.160.2 and a251.8
60.2 for the ladder case. The values ofa for Bc1, however,
are quite different from the isotropic HFP-BEC predictio
So, although at least part of the disagreement could be at
uted to the inadequacy of the Hartree-Fock approach in
critical region, it was concluded that the values of the exp
nents should depend strongly on the dimensionality a
quantum dynamics of the particular system.

So far, the focus of the attention has been on lo
dimensional systems such as dimers and chains. Fi
induced order, however, can also exist in three-dimensio
compounds with large single-ion anisotropy, and they a
should exhibit BEC.2 In an S51 spin system, such as in
Ni11 compound, for instance, a cubic crystalline field leav
a spin triplet as the ground state and distortions of the cu
symmetry can lift the degeneracy. An axially symmetric d
tortion of the proper sign can split the triplet into a low
singlet separated from an excited doublet by an energyuDu
~usually D is chosen to be negative in this case!. With a
singlet ground state, small antiferromagnetic exchange in
actions (2zuJu,uDu, where z is the number of neighbors!
cannot produce LRO. The presence of an external magn
field parallel to the distortion axis, however, induces LR
betweenBc1(T) and Bc2(T). MFT ~Refs. 12 and 13! gives
~for isotropicJ andT50) gimBBc1(0)5uDu22zuJu5D and
gimBBc2(0)5uDu14zuJu, wheregi is the parallel spectro-
scopic factor andmB is the Bohr magneton. One example
such a system is the compound NiCl2.4SC(NH2)2, dichloro-
tetrakisthiourea-nickel~II !, hereon referred to as DTN, fo
short.14 In this paper we report magnetization measureme
on DTN in fields and temperatures covering the entire
dered phase.Bc1(T) andBc2(T) were determined and coul
be fitted to Eq.~1! yielding values fora1 anda2.

DTN is a tetragonal crystal, space groupI4, with two
molecules in the unit cell. Its magnetic susceptibility up to
external field of 7 K has already been investigated.14 The
©2004 The American Physical Society05-1
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zero-field susceptibility parallel and perpendicular to the
tragonal axis, led to the valuesgi52.2660.03 and g'

52.3460.03, anduDu/kB57.660.4 K. An isotropic antifer-
romagnetic interactionJ, weaker thanD, is also present, and
the same data yielded 2zuJu/kB54.560.3 K. A combination
of this interaction with an applied field parallel to the tetra
onal axis induces LRO. The spins align antiferromagnetica
perpendicular to the field, and part of theB-T phase diagram
had already been established.14

The establishment of similar field-induced LRO in oth
spin systems, such as dimers and chains, has been interp
in the context of BEC of magnons. An important constrain
the existence of rotational symmetry around the applied fi
to maintain constant the number of magnons. In the pre
system, the uniaxial symmetry ensures that, making it a q
suitable model system do study BEC.

In the present work magnetization traces were taken u
17 T with a vibrating sample magnetometer adapted to
used in a 3He cryostat.15 The DTN single crystals were
grown from aqueous solutions of thiourea and nickel ch
ride. The external field, produced by a superconducting c
was always carefully aligned with the tetragonal axis of
samples. One difficulty in determining the exponenta from
the phase boundaries comes from the fact that Eq.~1! has to
be fitted to the data varying botha andBc(0) and the value
of a turns out to be quite sensitive toBc(0). In order to
minimize this problem we have measured the magnetiza
at the temperature ofT50.016 K up to 17 T with a force
magnetometer16 and inside a plastic dilution refrigerator.17

This practically determinedBc1(0) andBc2(0) with the ac-
curacy of the force magnetometer, which was comparabl
that of the vibrating sample magnetometer.

Initially we have measuredM as a function ofT at con-
stantB. Figure 1 shows traces for three different fields, n
Bc1. The transition to the ordered state is marked by a dip

FIG. 1. Magnetization as a function of temperature for th
values of field. The onset of the LRO~at low temperature! is
marked by a dip, a behavior found in other field-induced LR
compounds investigated~Refs. 2 and 4!.
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M (T), similar to what was found in the low-dimensional
compounds2,4 and different from the prediction of MFT. The
phase boundaries, however, were actually obtained f
traces ofM versusB at constantT. We believe this method to
be more accurate, especially at low temperatures where
boundary is quite flat.

Figure 2 shows three magnetization traces for the te
peraturesT50.016 K, T50.60 K, andT50.94 K, with B
parallel to the tetragonal axis, and Fig. 3 shows their num
cal derivativesdM/dB. TheT50.016 K trace shows follow-
ing sharp features:~i! M is zero up to very close toBc1
52.10560.010 T which is marked by a sharp change
dM/dB; ~ii ! at this point antiferromagnetic LRO is esta
lished with the spins perpendicular toB,12 and dM/dB
changes to the value 1.26 A m2/(mol T); ~iii ! this suscepti-
bility, which is initially independent of the field, first de
creases and than increases going to al-like peak atBc2

e

FIG. 2. Magnetization traces for three different temperatur
The T50.016 K trace is representative of theT50 magnetization.

FIG. 3. Differential magnetizations numerically obtained for t
traces in Fig. 2.
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512.1160.03 T; ~iv! immediately afterBc2 , M reaches the
saturation valueMs512.660.2 A m2/mol ~the error is
mostly due to the calibration of the magnetometer!.

The measured value ofMs agrees quite well with
N0gimBS512.6260.17 A m2/mol, taking gi52.2660.03
from Ref. 14 andS51. Assuming the values ofBc1 andBc2,
taken from the curves forT50.016 K, as theT50 values,
the MFT relations giveuDu/kB58.2660.10 K and 2uJuz/kB
55.0660.10 K. These values are about 10% higher than
ones obtained from zero-field susceptibility fits in Ref. 14
is interesting to note that the measured value ofdM/dB just
aboveBc1, at T50.016 K, is equal toMs /(Bc22Bc1) the
MFT prediction forT50.12 Also interesting is the continuity
of M at Bc1. This confirms the disordered character of t
spin system belowBc1 as a consequence of the sing
ground state, as concluded in Ref. 14. A doublet ground s
would have produced antiferromagnetic LRO atB50, with
the spins parallel to the easy axis, and the transition atBc1
should show a magnetization jump DM
>@Ms/(Bc22Bc1)#Bc1>2.5 A m2/mol ~spin-flop transition!.
A discontinuity of this magnitude could not be missed in o
data.

The values ofBc1(T) and Bc2(T) were obtained from

FIG. 4. Detail of theBc1 region for the traces in Fig. 3.Bc1 was
taken at the edge obtained from extrapolations, varying the num
of points used for the derivation process~see text!.
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numerical differentiation of theM data. Figure 4 shows thre
examples of the determination ofBc1(T). The differentiation
was done by the usual technique of choosing, at eachM data
point, a number of experimental points before and after,
making a polynomial fit. Since this introduces artifici
rounding in dM/dB, the extrapolations shown were mad
considering severaldM/dB traces made with different num
ber of M points. As can be seen in Fig. 3, at the lowe
temperatures,Bc2 is marked by al-like peak. At higher tem-
peratures a bulge develops above theBc2 peak, and at the
highest temperatures thel peak has faded into just a cus
before a broad rounded maximum. The value ofBc2 was
always taken at the peak. The determined values ofBc1(T)
and Bc2(T) were then fitted to Eq.~1! yielding a152.63
60.10 forBc1(T) anda252.5560.10 forBc2(T). Figure 5
shows the data and best fits. The uncertainty quoted co
sponds to twice the standard deviation for the fit to all t
points. The experimental points were obtained in three in
pendent runs. Separate fits to each run were also made
the resulting values ofa and standard deviations were a
ways inside the quoted interval. We have also estimated
demagnetization corrections, which were small enough
to have any significant effect ina. The values ofa here
obtained are near but definitely different from those obtain
for low-dimensional dimers and chains, from theory or e
periment. It is interesting to note that the exponents for b
boundariesBc1(T) and Bc2(T) do not differ by more than
the quoted uncertainty.

In conclusion, we have determined the field-induc
phase transitions for NiCl2•4SC(NH2)2, a S51 system,
with a singlet ground state due to a single-ion uniaxial a
isotropy larger than the isotropic exchange. This fie

rs

FIG. 5. Lower and upper phase boundaries as determined f
magnetization traces. Different symbols refer to independent ru
5-3
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induced ordering transition has been interpreted recentl
systems of different symmetry as a manifestation of BEC
magnons. The phase boundaries at low and high fields c
be fitted to power laws yielding, respectively, the expone
a152.6360.10 and a252.5560.10. We hope that the
present data will stimulate theoretical work appropriate
this system.
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