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From magnetization and ac susceptibility measurements we obtain the complete magnetic phase
diagram of single crystals of Cs,FeCls - H,O for magnetic field up to 15 T. The magnetic field was applied
along the directions parallel and perpendicular to the easy axis and the magnetization measured to
temperatures down to 0.5 K. At zero magnetic field the antiferromagnetic ordering occurs at Ty=6.63 K.
For the field applied parallel to the easy axis the antiferromagnetic (AF) to the spin-flop (SF) transition
occurs for fields from 1.4 T to 1.1 T depending on the temperature. The low temperature transition from
the (SF) to the paramagnetic (P) phase occurs at 13.15T. In the perpendicular configuration this
transition occurs at fields around 13.5T. From the extrapolation of the transition fields to zero
temperature, we obtain a ratio of the anisotropy field H, to exchange field Hg, @ =Hs/Hg=(1.4 4+ 0.2) x

10~2. A comparison with the phase diagram measured for MnF, is included.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Antiferromagnets of the family A,FeCls-H,O (A=K, Rb, Cs)
have a very low anisotropy and Néel temperatures ranging from
6.6 K (Cs) to 15K (K) [1]. Although these systems have been
referred and compared to the low anisotropy antiferromagnet
MnF, (Ty~67K) [2], a complete phase diagram including the
phase boundaries to the paramagnetic phase (P) at low tempera-
tures is not available for none of them due to the high fields in
which the transition to the P phase occurs. This work is the first to
present such a complete phase diagram for one of those systems,
namely CsyFeCls-H,0 and the mixed compound with a partial
substitution of In for Fe.

Previous studies in this system focused on the low field region
of the phase diagram (H<2.0T) [3] and on the specific heat
measurements at zero field in the interval 1.5 K<T<30K [4].
From these works, that stands as the basic reference on the
magnetic and thermal behavior of CsyFeCls- H,0, the Néel tem-
perature found is Ty=6.57 +0.05 [2] and the bicritical tempera-
ture is T=6.54 4+ 0.02 [3]. An anisotropy field Hy=0.088 T and an
exchange field H-=7.59 T given a ratio a=Ha/Hg=1.2 x 102 were
obtained from the value of the perpendicular magnetic suscept-
ibility, y ., in the limit T— 0, and from the extrapolated value of
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the AF to SF critical field (Har_sp=11.5 kOe) as the temperature
tended to zero [2]. The relevance of the different exchange paths
interactions between the Fe sites is discussed in [3], with the
conclusion that this system behaves closely to a 3D system with
competing interactions. An extensive and detailed report of the
weight and relevance of those different exchange paths for the K
and Rb analogs compound was given in [5].

When compared to the classical low anisotropy easy axis antiferro-
magnet MnF,, which has a rutile structure, the compound
CsyFeCls- H,0 has a slightly lower anisotropy with a ratio of the
anisotropy to the exchange field a=Ha/Hp~12 x 10~2 while that
found in MnF, is =16 x 1072 [1,3]. Here we present a complete
magnetic phase diagram for Cs,FeCls - H,0O, which allow us to obtain a
directly using only the extrapolated critical fields to zero temperature.
We anticipate that our results for Hy—sf{T—0)=(1.10 +0.05) T and
Hsp (T—0)=(1315+0.05)T leads to Hs=(0.092+0.008)T and
Hp=(6.62 + 0.03) T with a ratio a=Hu/Hz=(14 + 0.2) x 10~2, which
is within the errors expected from previous works [3].

2. Experimental procedures and results

Single crystals of CsyFeCls.H,O were grown from aqueous
solution of CsCl, InCl3 and FeCls - 6H,0 in the appropriate amounts.
These crystals could be carefully oriented with their a-axis parallel
or perpendicular to direction of the applied magnetic field.

The magnetization and ac susceptibility at low fields were
measured with a MPMS (SQUID) system and at high fields with a
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VSM in a He? refrigerator. Sub 2-K ac susceptibility measurements
were performed with a susceptometer in a He> refrigerator [6].
The transitions point of the phase diagram were obtained either by
sweeping the field at a constant temperature or by sweeping the
temperature at a constant field and taking the corresponding
derivatives dM/dT and dM/dH.

Fig. 1 shows the magnetization curve obtained at 0.79 K for H
applied along the easy axis. The step increase of the magnetization
at lower fields corresponds to the AF-SF transition and the high
field plateau indicates the transition from the SF to the P phase.
Above this transition the magnetization saturates as expected. The
insert of Fig. 1 shows that some of the field sweeps at tempera-
tures from 1.75 to 6 K from which we mapped AF-SF first order
line. The actual locations of these points in the phase diagram
were taken from the peak in the derivative of those curves with
respect to H, dM/dH. The magnetic ac susceptibility curves, y/,
obtained while sweeping the applied field at fixed values of the
temperature are shown in Fig. 2 for a small range of temperature
just below the temperature of the bicritical point.

Fig. 3 shows the curves measured at fixed fields by sweeping
the temperature for H applied along the easy a-axis and perpen-
dicular to it. When the magnetic field is applied along the easy axis
[Fig. 3(a)] the curves for fields below 1.2 T tend to zero below the
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Fig. 1. Magnetization as a function of field at T=0.79 K. The inset shows the spin-
flop transition at several temperatures.
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Fig. 2. Magnetic field dependence of the real part of the ac susceptibility for
selected temperatures. Data acquired with modulation amplitude h,.=10 Oe and
modulation frequency f=155 Hz.
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Fig. 3. Temperature dependence of the magnetic susceptibility measured with
different magnetic fields applied parallel (a) and perpendicular (b) to the easy axis.
The inset shows the dc remanent susceptibility measured in H~5 Oe.

Néel point when the system enters the AF phase as expected. The
gradual rise of the curve measured at 1.25T indicates that after
entering the AF phase around 4 K the AF—SF line is crossed and
the susceptibility increases towards its perpendicular value. Above
this field the system enters directly from the paramagnetic to the
SF phase. For H applied perpendicular to the easy axis we observe
the expected behavior for this configuration for all values of
magnetic fields.

Fig. 4 shows the magnetic phase diagram measured for H
applied along the easy axis and one of the directions perpendi-
cular to it. The method used to extract the transition points is
indicated in the figure.

3. Discussion and conclusion

Close to Ty and at low fields the AF phase boundary to the
paramagnetic phase is strongly influenced by the critical fluctua-
tions of the bicritical point since the low anisotropy of this system
implies that Tzp and Ty are very close and the mean field TH?
dependence expected for the AF-P boundary is not revealed [7,9].

The Spin Flop phase boundary is a first order transition line and
it is weakly dependent on the temperature as usually observed in
most antiferromagnetic systems [2,5,7]. This first order transition
does not shows any sign of hysteresis and occurs at the thermo-
dynamic transition field Har_s, even when some impurities are
introduced in the lattice (see below). The explanation for the lack
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Fig. 4. Phase diagram of Cs,FeCls.H,0 and Cs,Feggglngo;Cls.H,0. The symbols
denote the positions of anomalies in the magnetization measured as a function of
temperature and magnetic field as indicated in the legend. The red line is a fit to
H=a+bT? as explained in the text. The broken lines are only guide to the eyes. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

of hysteresis was given by Keffer and Chow [7]. They showed that
it is due to the nucleation of the “incoming” phase either by local
imperfections or surface Spin Flop states when the field is
increased or by AF local or surface states in decreasing the field.
In our case we estimate the extrapolated AF to Spin Flop field
when T—0 is HAF—SF(THO):(]JO + 0.05) T.

The low temperature behavior of the phase boundary from the
SF phase to the paramagnetic phase indicates that it is well
described by T? (solid line in Fig. 4). In fact, due to the mentioned
similarities between this compound and MnF, we can argue that
this temperature dependence is consistent with the behavior
found for the phase boundaries in the vicinity of the bicritical
point in MnF, [8]. For this system it is found that the number of
components that became critical is n=2, consistent with the
orthorhombic anisotropy expected in the plane perpendicular to
the easy axis. This also agrees with the spin-wave calculations
reported in [9] for the antiferromagnet NiCl,-4H,0, where the
terms that account for the orthorhombicity were introduced in the
spin Hamiltonian which correspond to the n=2 case. A fit with a
T3/ law, suitable for uniaxial systems, also give a good fit but with
a slightly lower extrapolated Hse_p(0) field. It is expected from the
local magnetic ion environment [5] that the in plane (perpendi-
cular to easy axis) anisotropy should be small; thus in the forth-
coming analysis we made the option to use the critical field
expressions derived for the uniaxial case since they are expressed
in terms of Hr and a mean field Ha.

The extrapolated values of the critical field when T— 0 from the
T2 fit are Hsp_p=(13.15 + 0.05) T for H parallel to the easy axis, and
Hap_p=~(13.54+0.1) T for the field applied in the transverse
direction. In the limit T=0, the second order critical transition
fields to the paramagnetic phase can be estimated by the Mean
Field Approximation (MFA). When the anisotropy is uniaxial, we
find Hsr_p=2Hg-H4 when the field is applied along the easy axis,
and for the configuration when the external field is applied
perpendicular to the easy axis Har_ p=2Hg+Hj4. These expressions
also coincide with the ones obtained from the spin-wave calcula-
tions at low temperatures [10]. The corresponding expression as
T—0 for the AF-SF field is H3r_sr=2HgHa—H3. This last expression
being also proportional to the gap in the low energy magnon
branch of uniaxial antiferromagnets. Using the values of the AF-SF
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Fig. 5. Phase diagram of MnF, and Cs,FeCls-H,0 in a reduced temperature and
field scale as explained in the text.

field HAF—SF(T—> 0)2(110 + 005) T, and Hsp_p= 1315+ 0.05T leads
to an anisotropy field Hy=(0.092 + 0.008) T and an exchange field
Hp=(6.62 4+ 0.03) T, with a ratio a=Ha/Hg=(1.4 + 0.2) x 1072,

Due to the similarities of this system with MnF, [2,8] it is
interesting to compare both phase diagrams in a reduced tem-
perature and field scale in the region where equivalent points are
present, notably around the bicritical point [8]. We choose t=T/Ty
as the reduced scale in temperature and H/Hsg with the Hgr value
at t=0.95. This choice of t for the Hgr field was made since it
corresponds to a temperature with data points available for both
compounds in the phase diagram. The data points for MnF, were
taken from [8]. This plot is shown in Fig. 5. The agreement is quite
good and from it the projected field for the SF-P transition in the
limit of t=0 for MnF, is Hsr_p=86T.

The inclusion of non-magnetic impurities in this systems leads to
the appearance of a remanent magnetization that is observed when a
small magnetic field is applied along the easy axis [11]. This behavior
is also observed in other low anisotropy antiferromagnets such as
MnF,:Zn [12] and the linear antiferromagnetic chain (CHsNH3)Mn;_
«Cd,Cl3-2H,0 [13]. Even in the pure compound a very small
remanent magnetization has been detected [14]. In our specific case
the inclusion of 1% of In (CsyFegg9lng 91Cls - H>0) results in a decrease
in Ty from 6.62 K to 6.29 K and a corresponding shift in the P-AF and
P-SP phase boundaries (see Fig. 4). As shown in Fig. 4, no significant
change in the AF-SF phase boundary was observed for the doped
sample with 1% of In. This contrasts with the hysteretic behavior
reported in the K and Rb analogs [15] but these observations were
done in samples with much higher concentrations of In ranging from
8% to 15%. It has been suggested that the remament moment is due
to a surface effect nucleated either by vacancies (in the pure systems)
or by impurities (In), that acts as pinning centers for domain wall
formation [13,15]. The low field remanent susceptibility is shown in
the inset of Fig. 3(b) and is consistent with that previously measured
in this same system [4]. For a 1% concentration of In the increase of
the remanent magnetization with respect to that of the pure system
is of two orders of magnitude. This magnetization presents a
universal behavior that is distinct of the one observed for the anti-
ferromagnetic sub-lattice, as discussed in earlier works where it is
suggested that it shows a surface like behavior [4,16].
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