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Magnetic phase transitions in TbNi; single crystal: bulk properties
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The magnetic susceptibility, heat capacity and neutron diffraction measurements have been carried out in
order to study the unusual magnetic ordering of TbNis using a single crystal over the temperature region of
2~30K. Two spontaneous magnetic transitions have been observed: one is a second order transition from a
paramagnetic state to an incommensurate structure (7, =24 K) and the other a first order transition from the
incommensurate structure to a lock-in phase (Tf = 10K). We also found an irreversible magnetic field-induced
transition from the modulated structure to the ferromagnetic collinear one.

PACS: 75.25.+z, 75.30.Kz, 61.12.—q

1. Introduction. The exchange interaction and
crystal field splitting of rare-earth intermetallic RNij
compounds have been a subject of great interests largely
because of the simple crystal and magnetic structures.
Their magnetic properties are determined mainly by
rare-earth ions [1]. The rare-earth elements occupy la
positions of the CaCus-type lattice (P6/mmm space
group) and their magnetic moment values are found to
be close to that of the free rare-earth ions. The Ni atoms
occupy 2b and 3d positions with its ordered magnetic
moments less than 0.2up. Most of these RNij inter-
metallics have been studied in detail by various exper-
imental methods. Particularly, TbNis has been exten-
sively studied using several experimental techiniques:
magnetic measurements [2], heat-capacity [3], elastic and
inelastic neutron scattering [4—6], positive uSR spec-
troscopy [7] and spin-echo NMR [8] studies. The results
of these investigations appeared to be in good agreement
with the ferromagnetic model of the magnetic structure
and there seemed to be no reason whatsoever to suspect
otherwise until quite recently.

However, recent electrical resistance [9], AC suscep-
tibility and magnetization [10, 11] data indicated that
the magnetic state of TbNis might be more subtle than
the proposed simple ferromagnetic structure. Accord-
ing to Ref. [9], the resistance, when measured along the
a-axis (the magnetic easy direction), exhibits character-
istic behavior for a ferromagnet with Curie temperature

Tc = 23K, while that measured along the ¢ axis (the
magnetic hard direction) shows an anomalous peak be-
low To: these peaks were observed at 17.4 and 21.2
K for cooling and heating curves, respectively. Authors
of Refs. [10,11] also observed anomalies in the tempera-
ture and field dependence of their AC susceptibility. For
example, the temperature dependence of the AC suscep-
tibility shows two peaks at T = 16.5K and T}, = 23.5 K.
The authors of Ref. 11 then proposed that the TbNis
compound is a helimagnetic antiferromagnet between
Tf and T, under external magnetic field smaller than
H. = 0.45k0e, and becomes ferromagnetic for T < T},
with increasing field above H,.

In order to understand the true nature of the mag-
netic transitions of TbNis, we have recently performed
high resolution powder neutron diffraction study of
TbNi5 and found new magnetic satellites, which were not
seen previously and we interpreted as the evidence of a
modulated magnetic structure [12]. We have described
our new results in terms of a fan-like structure with two
wave vectors (k; = 0 and ky ~ (27/c)(0, 0, 0.019)).
In this model, the magnetic moments of Tb-ions have
mutually orthogonal ferromagnetic (uy) and modulated
(#moda) basal-plane components. The magnetic satellites
of our neutron diffraction pattern were observed over
the whole temperature region of 2 ~ 23K in contrast
with the original explanation of Ref. [11]. Moreover,
we did not observe a clear anomaly in the tempera-
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ture dependence of the intensities of both ferromagnetic
peaks and satellites at 16.5K, where a ferromagnet —
helimagnet transition is expected to occur according to
Refs. [10,11]. It should also be mentioned that in our
previous studies [12] we did not investigate the effects
of external magnetic field on the magnetic structure of
TbNis although the field dependence of the magnetic
structure may be important to understand better the
experimental observations of Refs. [10, 11].

Although our previous high-resolution powder dif-
fraction studies elucidated some interesting aspect of the
magnetic transition, however in order to have full under-
standing of it we need additional detailed and careful
studies of the magnetic structure of TbNis using a sin-
gle crystal sample and especially its field dependence.
Therefore, we have performed neutron diffraction ex-
periments on a TbNiy single crystal at temperatures of
2 ~ 30K under magnetic fields. The measurements were
carried out while both heating and cooling. Besides, we
made AC susceptibility, magnetization, and heat capac-
ity measurements in order to compare the bulk proper-
ties of our single crystal with the results published earlier
[9-11].

2. Experimental details. Our TbNi; alloy was
prepared from high-purity starting materials in an in-
duction furnace using an AlyOj crucible under argon
atmosphere. Subsequent heat treatment of the alloy was
made at 1100 °C for 8 hours. The single crystal was then
cut out from a grain of an ingot and subsequently ground
to a sphere of approximate 2 mm diameter. The remain-
ing part of the ingot was used for heat capacity mea-
surements and powder X-ray diffraction studies, con-
firming the single-phase structure of CaCus type. The
lattice parameters were determined as a = 4.8986(4) and
¢ = 3.9606(4) A at room temperature.

Rocking curves (w-scans) around the (100), (001),
(101), and (002) reflections were measured with the
double-axis E-4 diffractometer at the BENSC, Hahn-
Meitner Institute. The incident neutron wavelength was
2.44 A. The (002) reflection with a large nuclear inten-
sity was used for the intermittent check of the orien-
tation of the sample while varying temperature or/and
magnetic field. A horizontal magnetic field was applied
along the a- or c-axes. The data analysis was done using
the FULLPROF package [13].

The magnetization and AC susceptibility of the sin-
gle crystal were taken by using a SQUID-magnetometer
at the Institute of Metal Physics of RAS. The AC sus-
ceptibility was measured in an alternating field of 10 Oe
at a frequency of 90 Hz. The specific heat was studied
by a PMC device at Paul Scherrer Institute.
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3. Experimental results and discussion. Fig.1
shows the thermal variation of the real and imaginary
parts of the AC susceptibility measured with field paral-
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Fig.1. Temperature dependence of (a) real and (b) imagi-
nary parts of AC susceptibility and (c) heat-capacity, mea-
sured while heating (closed symbols) and cooling (open
symbols)

lel to the a-axis of the TbNis single crystal. The temper-
ature dependence of the heat capacity is also presented
in Fig.1c for both cooling and heating curves. All the
data exhibit a distinct maximum at T ~ 23K that ev-
idences an order — disorder transition. On the other
hand, we note that the imaginary susceptibility has an-
other anomaly at T =~ 8 K.

Fig.2 shows the neutron diffraction data scanned
around the (001) reflection while cooling from room tem-
perature to 2K. The (001) reflection is a pure nuclear
peak at temperatures above 25 K. The magnetic contri-
butions to the (001) reflection and the (001)* magnetic
satellites begin to appear at 7, = 24K and their in-
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Fig.2. Neutron diffraction spectra around (0 0 1) reflection
scanning along [0 0 L] direction taken at (e)1.7, (A)10.0,
(MM)20.1 and (V)25.1 K while cooling

tensities increase upon cooling down to T ~ 10K. A
further cooling to 7K produces a sharp increase of the
(001) reflection intensity and simultaneous decrease of
both satellites. This behavior is clearly seen from the
temperature dependence of the integrated intensities of
the (001) reflection and the (001)* satellites shown in
Fig.3. Similar curves were also obtained for the (100)
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Fig.3. Temperature dependence of the integrated intensi-
ties of (a) (001) and (c) (101) reflections and (b) (001)*
and (d) (101)% satellites. Open and closed symbols are for
data taken while cooling and heating, respectively. Squares
and triangles are for minus and plus satellites, respectively

and (101) reflections as well as their (100)* and (101)*
satellites.

Upon heating, there is a relatively slow decrease
of the intensities of the (100), (001), (101) reflections
and (100)*, (001)*, (101)* satellites over the region of
2.2 ~ 14K before they all decrease sharply at the tem-
peratures of 16 ~ 23K (see Fig.3). However, the main

reflections and satellites exhibit different behavior over
the temperature region of 14 ~ 16K: the main reflec-
tions decrease continuously with temperature while the
satellites increase slightly as marked by the circles in
Figs.3b and 3d. A comparison of the heating and cool-
ing curves of the intensities shows clearly the existence
of large thermal hysteresis.

A similar hysteresis is also observed in the tempera-
ture dependence of the wave vector ky. We determined
k, from the distance between the positions of (101)*
satellites, and the results are presented in Fig.4. As one
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Fig.4. Temperature dependence of the wave vector ks

can see in the figure, the ks vector has different values
for the heating and cooling curves at 7' > 10K. Below
10 K the wave vector becomes almost the same for both
curves within the resolutions of our experiments with
ks ~ (27 /c)0.0181, indicating that a lock-in transition
occurs at 7' ~ 10K.

Thus, the TbNis compound undergoes two magnetic
transitions. One is the order-disorder type transition at
Tp = (24 £ 1) K for both cooling and heating. When the
temperature decreases, a low-temperature transition is
observed at T7 ~ 10K as a sharp change in the inten-
sities of the main reflections and satellites. One of the
features of this low-temperature transition is the large
thermal hysteresis, evidence of the first order transition.
Taking into account the temperature dependence of ko
vector below 10K, we speculate that a lock-in struc-
ture occurs at T' < 10K; its wave vector is estimated
to be ks &~ (27/c)0.0181 ~ 1/55r.1.u. (reciprocal lattice
units) below 10K.

We believe that the most probable source of the tran-
sition at T'f is the magnetic anisotropy of Tb ions. When
the temperature decreases the magnetic anisotropy in-
creases and tends to orient the magnetic moments of Tb
ions along the easy direction (the a-axis). This causes
the increase of the a-axis ferromagnetic component (yuy,
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parallel to the a axis) and simultaneously the decrease of
the modulated one (fmod, perpendicular to the a-axis)
over the temperature interval of 7 ~ 10 K. The changes
of 1y and pimoeq below 10K are calculated from the (101)
reflection intensity and we have obtained Ay =1.9up
and Apmeq = —1.3 up, respectively. The value of the
total magnetic moment of Tb ion remains almost the
same as expected in this temperature range.

Another feature of the low-temperature transition is
the absence of a clear anomaly in the thermal variation
of the heat capacity at T (see Fig.1). A similar behav-
ior was previously found in the cooling measurements
of some of RGay compounds [14]. An absence of such
a peak in the heat capacity data implies that there is a
very small difference between the free energies of the two
magnetic phases above and below Tf. In such a case, one
can expect that small magnetic field can transform the
modulated phase into the ferromagnetic one.

In fact, it is exactly what we found in our field mea-
surements. Fig.5 shows the scans measured around the
(101) reflection under magnetic fields. Magnetic fields
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Fig.5. Neutron spectra around the (1 0 1) reflection scan-
ning along the [0 0 L] direction at 2 K by varying magnetic
fields

were applied along the a-axis at 2K. It is clearly seen
in Fig.5 that the magnetic field suppresses the satellites
significantly and induces a collinear ferromagnetic state
at poH. ~ 3.5kOe. Interestingly enough, with increas-
ing magnetic field not the position but the intensity of
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the satellite peaks changes. It should be mentioned too
that the induced ferromagnetic state remains stable even
when the external field is switched off (see Fig.6). As
one can see from the insert of Fig.6, the Th-ion mag-
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Fig.6. Field dependence of the integrated intensities of
the (101) reflection (circles) and (101) satellites (up and
down triangles) at (top) 2K and (bottom) 10 K. The field
was applied along the a-axis at 2K and along the c-axis at
10 K. Insert shows the field dependence of the ferromag-

netic component of the Tb-ion magnetic moment obtained
at 2K

netic moment reaches the value of uy = 7.3 £0.1up at
the field-induced ferromagnetic state. This value is in
good agreement with the results of the magnetic mea-
surements. However, the critical field value H,. deter-
mined by us is larger by a factor of 8 than that found
in Ref. [11]. It is not clear to us at the moment what
causes such a big difference in the two estimates of H,
values.

The aforementioned increase of the (101) reflection
intensity by an external field is an expected and nat-
ural result because a magnetic field was applied along
the easy magnetization direction. What is surprising is,
however, that the intensity increases even when a mag-
netic field is applied along the hard magnetization direc-
tion (i.e. the c-axis). It is clearly seen from the bottom
part of Fig.6, where the field dependence of the (101)
reflection and (101)* are presented for field applied to
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the c-axis at 10K. In a simple case the (101) intensity
should decrease with increasing field along the c-axis,
because field tends to rotate a magnetic moment to the
c-axis and, therefore, decreases a moment projected to
the scattering plane. In our case the (101) intensity in-
creases when a field increases to the maximal value of
10 kOe. Furthermore, the field-induced magnetic state
remains stable even after fields were switched off. Thus,
an external field for any direction transforms the mod-
ulated magnetic structure to the collinear ferromagnetic
one; which is very unusual.

Taking into account our data, we can now under-
stand the yet unexplained results of uSR measurements
[7]. Tt was found that the temperature dependence of a
damping rate exhibits a jump near 15K when a crystal
was heated. Our results presented here indicate that the
decrease of the ferromagnetic component may cause the
observed jump in the uSR damping rate.

4. Conclusion. On the base of our results, we
can conclude that two spontaneous transitions occur in
TbNis compound. One (T, = 24K) is the second order
transition from the paramagnetic state to the incom-
mensurate structure. Another one (Tﬁ = 10K) is the
first order transition from the incommensurate structure
to the lock-in structure. The external magnetic field of
poH. = 3.5kOe is enough to transform irreversibly the
modulated structure to the collinear ferromagnetic one.
All these results indicate that the modulated structure
is weakly stable against magnetic field.
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