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From a heat capacity(f,) measurement on a single crystal sample of the= 1 quasi-one-
dimensional (Q1D) Heisenberg antiferromagnet (HAF)AYH4N,),N3(PFs) in applied magnetic fields,
we found an anomaly which is indicative of a magnetic long-range ordering. We were able to follow
how the position of the anomaly ig, changes with temperatur@) and magnetic fieldK). An
experimentalH-T phase diagram of a§ = 1 Q1D HAF is obtained and compared with that of the
corresponding classical system. [S0031-9007(98)07105-1]

PACS numbers: 75.30.Kz, 75.10.Jm, 75.40.Cx, 75.50.Ee

Although the theoretical study of one-dimensional (1D)a new quasi-1D HAF compound with a weaker intrachain
magnetism began in the 1930s [1], several decades passexchange interaction in which an LRO is expected to be in-
before suitable model compounds became available [2Huced at a lower field. In this paper, we report the first ex-
Quasi-1D magnets, in which the magnetic interaction inperimentalH-T phase diagram of a quasi-1D= 1 HAF
one direction dominates, with much weaker interactionsvhich might be interesting to broad audiences. It is also
in other directions, exhibit a short-range ordering over dnteresting to compare thé-T phase diagram of the quan-
wide temperature range and usually show a long-ranggim system with that of the classical one.
ordering (LRO) at finite temperature due to the inter- The compound we are studying here is
chain coupling (/). The situation is largely altered in the Ni(CsH4N»)>N;3(PF) [12], abbreviated NDMAP. If one
case of quasi-1D Heisenberg antiferromagnet (HAF) withreplaces CIQ counteranion in NDMAZ by P§ one gets
integer spin quantum numbef)( As has been predicted NDMAP. Therefore, the crystal and magnetic properties
by Haldane [3], there is an energy gap (Haldane gapdf NDMAZ and NDMAP are very similar. The pow-
between the singlet ground state and first excited tripletler samples of NDMAP were synthesized by a similar
inanS = 1 1D HAF. The effects of/’ on the Haldane method reported in [12]. The single crystals of NDMAP
gap have been studied theoretically [4,5] and the resultwere grown from an aqueous solution of the powder
show that the Haldane gap survives evenTat 0 K,  samples.
if J'is small [(z'J//J = 0.05) z": number of adjacent Figure 1 shows the temperature dependence of the
chains;J: intrachain coupling]. Therefore, quasi-1D=  susceptibility of a single crystal of NDMAP measured
1 HAF compounds with small’ become nonmagnetic with a SQUID magnetometer (Quantum Design MPMS2).
at low temperatures and no LRO occurs. On the otheWe see that a broad peak appears at about 30 K and
hand, strong magnetic fields destroy the Haldane gap and
the system recovers magnetism [6]. Then, we expect a
magnetic ordering to occur in a quasi-1D= 1 HAF R I B I I IR I I
under high fields and at low temperatures.

The magnetic ordering in a quasi-1D classical HAF has 0.010
been studied both theoretically [7,8] and experimentally
[9,10]. These experiments showed that the Néel tem-5 0.008
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viated NDMAZ. From a heat capacity’() measurement i
on a single crystal sample of NDMAZ, we observed an SN T T PN DT P TR R
anomaly at about 0.6 K and at 12 T which indicated that ~""" o 20 40 60 80 100 120 140
a magnetic ordering occurred there. Because of limita- T (K)

tions in our calorimeter, we were unable to follow how the g, 1 Temperature dependence of the magnetic susceptibil-
position of the anomaly irC,, changes with temperature ity of a single crystal sample of NDMAP measured at 0.01 T.
(T) and magnetic fieldH). We then tried to synthesize Full curves are the theoretical ones discussed in the text.

perature ) of the quasi-1DS = 5/2 HAF compound &

(CH3)sNMnNCl; (TMMC) which exists already in zero 2 o. 006 :

field increases with increasing field. ez ]
In a previous paper [11], we reported experimental evi- = ; ;44 ° H//a-axis ]

dence for the field induced magnetic ordering inghe: 1 : : g;;b_ax%s 1

quasi-1D HAF compound NCsH;4N,),N3(CIO;), abbre- 0.002F crexis E
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that the susceptibility decreases steeply for all of thdncreasing field, we clearly see an anomaly. The position
crystal axes when the temperature is decreased furthesf the anomaly does not depend much #&hin this
This behavior of magnetic susceptibility is characteristicdirection.
of anS = 1 1D HAF system. There is an anisotropy in We show in Fig. 3 the results obtained whéh is
the susceptibility which can be explained as due to thepplied perpendicular to the chainaxis. We see again
single-ion anisotropy of Ni*. We have compared the an anomaly irC,, in finite H, the position of which moves
experimental data with a theory obtained by the quantunto the high temperature side with increasifig The heat
transfer matrix method. The Hamiltonian we used iscapacity at high temperatures depends largelyForin
expressed as this direction compared with that in the other direction
(Fig. 2). Below 6 T,C, does not depend much .
H=JYS S +DD(SH? —ug> Si-g-H, On the other hand¢, increases rapidly withf above
i i i 6 T. The heat capacity of a quasi-D= 1 HAF shows a
(1) broad peak near the temperature at which the susceptibility
where D is the single-ion anisotropy constankp is  is a maximum (Fig. 1). The temperatur&,f, where
the Bohr magneton, ang is the g tensor. In this C, shows the broad peak, decreases with increasing
calculation, we neglected’, because the effect of it on The temperature range we are measuring in Figs. 2 and
the susceptibility should be small at high temperatures3 is much lower tharf, and so we are observing the
From the comparison between theory and experiment, wisw temperature tail of the€, curve. Note that the data

get the following values: presented in Figs. 2 and 3 contain the contribution of the
J/kg = 30.0 K, D/J =03, lattice which is independent aff. In low fields, T, is
much higher than the temperature range we measured, so
gr =210, and g, =2.17. the tail does not change much with On the other hand,

Here,g andg, are theg values parallel and perpendic- at high fieldsT, decreases largely with and the tail part
ular to the chairc axis, respectively. The values #fin  grows nonlinearly with/7. The different behavior o€,
NDMAP is almost half of that in NDMAZ. for different directions (Figs. 2 and 3) reflects the different
We have measured the heat capacity of a single crystéield dependence of the energy levels [6]. Details will be
of NDMAP using a Mag Lab® microcalorimeter (Oxford discussed elsewhere.
Instruments, UK). Figure 2 shows the temperature We have plotted in Fig. 4 the position of the anomaly
dependence of the total heat capacity, including thebtained in theC,, measurements in th€-T plane. The
contribution of the lattice measured in applied magnetidow-7 and low# region below the boundary corresponds
field parallel to the chairc axis. We see no anomaly to the Haldane disordered phase, while the region above
in C, in zero field down to 0.6 K as expected. With the boundary represents the LRO phase in its respective
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FIG. 2. Temperature dependence of the total heat capacity dflG. 3. Temperature dependence of the total heat capacity of
a single crystal sample of NDMAP measured at the designated single crystal of NDMAP measured at different fields applied
fields parallel to the: axis. perpendicularly to the axis.
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FIG. 4. Magnetic field versus temperature phase diagram of

NDMAP obtained from the heat capacity measurements. Line§!G. 5. The magnetic field dependence of the Néel tempera-
are guides to the eye. ture in NDMAP is plotted on a log-log scale.

field direction. There is an anisotropy in the phase boundcréases quadratically ifi in the spin-wave approximation
ary. The transition temperature from the paramagnetic tb]- As faras we are aware, no theory exists on the field de-
the LRO phase for a giveRl is higher forH L ¢ than Pendence ofyy fortheS = 1 quasi-1D HAF. We expect,
that for H || ¢ above about 6 T. Below 6 T, the situation however, that the change of the correlation length with
is reversed. in theS = 1 quasi-1D HAF is slower than that of the cor-
This behavior is explained qualitatively as follows. responding classical system, because of the strong quan-
Because the sign of the single-ion anisotropy constat ( tu”nl fluctuations in the former system. As noted above,
is positive, spins lie in a plane perpendicular to the 7y (H) exist only forH > H, ... Then, we have the
axis (t)he quhantization a)iisddb is Itlall(en Dhafa”el to ;he following expressions for the field dependencerdf*:
¢ axis). WhenH is applied parallel to the axis, the L
XY symmetry is retained. On the other hand, witgris Ty (H) = Al (0~ H?, (3)
applied perpendicularly to theaxis, theXY symmetry is in agreement with the experimental observation. In
broken and an Ising anisotropy is produced. It is widelyEq. (3),¢ should be smaller than 2 because of the reason
accepted that the phase transition temperature of an Isingentioned above, which is consistent with the experiment.
system is higher than that of ax¥ system for a given Finally, we present additional experimental evidence
space dimensionality. This explains qualitatively whatfor the existence of a 3D LRO phase in this compound
has been observed above about 6 T (Fig. 4). Becausg the low7 and highH region. We have made an
the critical field for H || chain is lower than that for electron spin resonance (ESR) measurement [13] on a
H 1 chain [6], we expect a crossing of the two phasesingle crystal of NDMAP using a high-frequency—high-
boundary curves to occur at finité and T, as observed field spectrometer installed at RIKEN [14]. &= 1.7 K
(Fig. 4). andH 1 ¢ axis, we found ESR signals above 8 T which
We plot in Fig. 5 the magnetic field dependence ofare not on the paramagnetic resonance line and are fitted
Ty. Here the magnetic field is measured relative towith the antiferromagnetic resonance theory [15] in the
the respective critical fieldH., H.1). Note thatTy  flopped phase. Below 8 T, we also found ESR signals
exists only ford > H. or H > H.,. We found that which are explained as being due to transitions within
Ty (H L c)variesagy = AY(H — H')?,withA' =  the excited triplet in the Haldane state. These results of
1.006 and ¢, = 0.513. The magnetic field dependence the ESR measurements are consistent withHHE phase

of le\l,(H | ¢) is also expressed I:WJU, = Al(H — H)*1,  diagram shown in Fig. 4.

with Al = 0.607 and | = 0.326 in the limited range of  In conclusion, from theC, measurements on a single

magpnetic fields. In the quasi-1D classical HAF compound:rystal sample of theS = 1 quasi-1D HAF compound

TMMC, Ty was found to increase witH as NDMAP in H, we found an anomaly which is indicative
Ty(H) — Ty(0) = AH2, @ of a magnetic LRO. We were able to follow how the

position of the anomaly irC, changes with7 and H.
where Ty (0) is the Néel temperature in zero field aad An experimental/-7T phase diagram of afi = 1 quasi-

is a constant [9]. Thé7? dependence dfy(H) has been 1D HAF is obtained for the first time. The change of
explained as due to the fact that the correlation length inTy with H is slower in anS = 1 quasi-1D HAF than in
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