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Abstract. The magnetic phase diagram of the intermetallic compounds TbxY1−xMn2 has been
studied under pressure using neutron diffraction. At ambient pressure all compounds undergo
a first-order magnetic transition as the Mn magnetic moment becomes local, giving rise to
a transformed phase, with higher volume. Part of the sample can remain non-transformed
and the two phases coexist below the transition temperature. As pressure is applied the
relative volume percentages of the transformed phase and non-transformed phases change as
the transformed phase becomes unstable under pressure. At high enough pressures only the
non-transformed phase is present. Within the non-transformed phase, forx > 0.2 there is a
transition to a magnetic structure which is reminiscent of the DyMn2-like structure while for
x 6 0.2 the structure remains paramagnetic. In the transformed phase the TbMn2-like magnetic
structure develops at high Tb concentrations while at low Tb concentrations two different
antiferromagnetic structures are visible, a YMn2-like structure and a new antiferromagnetic
structure unknown up to now. Across the intermediate-concentration range a magnetic ground
state with short-range correlations is present.

1. Introduction

There are many magnetic systems which show volume changes associated with a first-
order magnetic phase transition in which the magnitude of the magnetic moment changes.
This behaviour appears in apparently very different systems such as FeRh [1] (where
the antiferro–ferromagnetic transition is accompanied by stabilization of the Rh magnetic
moment), CeNi1−xCoxSn [2] (with a first-order Ce valence change), and the spin-fluctuating
compounds AMn2 (A = Tb, Sm, Y, Gd, Nd, Pr) (with sudden stabilization of magnetic
moment at the Mn sites at low temperatures). In all these systems there is a strong
relationship between magnetism and lattice which brings about large instabilities by applying
an external magnetic field or presssure [1–4]. Much effort has been devoted to the study
of the RMn2 compounds (R= rare earth) due to the wide range of phenomena one finds
in them (for a review see for instance [5]). In this paper we study the series TbxY1−xMn2

by using neutron diffraction under pressure in order to depict its magnetic phase diagram
under pressures ranging from 1 bar to 5 kbar.

The rich phenomenology found in the series DyxY1−xMn2 [6] encouraged us to carry
out this study. YMn2 is a compound which shows strong spin fluctuations aboveTN ,
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the temperature at which it becomes antiferromagnetic. AtTN (≈70–100 K) there is a
first-order volume change associated with the appearance of a local moment at the Mn
sites. The 2.8µB Mn magnetic moments order in an antiferromagnetic helix [7, 8] (this
structure will be called AF1 hereafter). In DyMn2 the spin-canted structure of the Dy, with
ferromagnetic and antiferromagnetic components, gives rise to the appearance of induced
magnetic moment (≈1.4µB) in one quarter of the Mn atoms [9]. The ordering of the Dy
sublattice takes place at≈40 K with antiferromagnetic ordering of the magnetic Mn atoms
(this structure will be called F hereafter). No volume change associated with this transition
can be seen [9] . Across the series DyxY1−xMn2 one finds new magnetic structures arising
from the competition of all the magnetic interactions. Unlike DyMn2, TbMn2 shows the
first-order volume change when the Mn acquires a local moment atTN ≈ 45 K. The
Tb and Mn magnetic moments are arranged in an antiferromagnetic structure [10] (called
AF2 hereafter). Consequently, new magnetic states can also be expected across the series
TbxY1−xMn2.

Due to the strong magnetic instabilities the effect of applying magnetic field or pressure
is expected to be large. Thus, in YMn2 and TbMn2 an applied pressure of 3 kbar avoids
the appearance of magnetic moment at the Mn sites [11]. At intermediate pressures there
is coexistence of two phases: a transformed phase with local magnetic moment at the Mn
sites and a non-transformed phase with itinerant Mn moments. The transformed phase is
unstable under an external magnetic field in TbMn2 while it is stable in YMn2 [3].

In a previous paper [12] we proposed preliminary magnetic phase diagrams for
the transformed and non-transformed phases of the TbxY1−xMn2 compounds based on
macroscopic measurements (linear thermal expansion, AC susceptibility under pressure up
to 7 kbar, and magnetostriction up to 14 T). The neutron diffraction provides an excellent
tool to identify the magnetic structures of both phases as well as the relative percentage of
the transformed phase and non-transformed phases at each pressure.

The linear thermal expansion measurements showed that at ambient pressure all the
TbxY1−xMn2 compounds undergo a first-order volume contraction (at≈40 K for x > 0.2)
ranging from≈1.5% for x = 1 to ≈5% for x = 0, which is a hallmark of the existence
of the transformed phase. Measurements of AC susceptibility under pressure indicated that
the transformed phase is unstable under pressure for all the compounds. The peaks in
the AC susceptibility which appear in the Tb-rich compounds (x > 0.6) under pressure
were associated with para–ferrimagnetic transitions within the non-transformed phase.
Magnetostriction measurements allowed us to establish that for the Tb-rich compounds
(x > 0.6) the magnetic structure is unstable under applied magnetic field, which suggested
the AF2-like structure. For the Y-rich compounds (x 6 0.2) the magnetic structure is
stable under applied magnetic field, which suggested the AF1-like structure. The existence
of magnetic order in the compounds around the concentrationx = 0.4 was impossible to
determine with our macroscopic measurements.

In order to investigate the magnetic ground-state structures of the transformed and non-
transformed phases across the whole TbxY1−xMn2 series, and how the non-transformed
phase becomes stabilized under pressure, we have carried out neutron diffraction experiments
under pressures up to 5 kbar.

2. Experiments

The polycrystalline compounds TbxY1−xMn2 (with x = 0.2, 0.4, 0.6, and 0.8) were prepared
by arc melting the high-purity constituents, R (99.9%), and Mn (99.99%). 3% rare earth
element was added over the nominal concentration in order to avoid the formation of the
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secondary phase R6Mn23. The samples were melted several times and subsequently annealed
for 5 d at 800◦C under a stabilized Ar atmosphere. The presence of the C15 cubic Laves
phase was confirmed by x-ray and neutron powder diffraction. A small quantity of the
secondary phase R6Mn23 was detected for the compoundsx = 0.2, 0.4, and 0.6.

The neutron diffraction experiments were performed using the D1B high-intensity
powder diffractometer at the Institut Laue–Langevin (ILL), Grenoble. D1B uses a 2.52
Å monochromatic neutron beam and has a 400-element linear multidetector covering an
angular range of 80◦. The multidetector allows rapid data collection, typical diffraction
patterns being accumulated in 10 min intervals. For the zero-pressure experiments the
powdered samples were contained in a vanadium can mounted in a standard ‘orange’
cryostat. This gas cell works in connection with a gas pressure generator. A 3 kbar two-
stage membrane compressor delivers He to an oil driver intensifier. The later is connected
to the pressure cell via a flexible capillary. The pressure is measured with high precision
in a special manometer cell connected in parallel. The pressure can be changedin situ and
at the desired sample temperature, as long as this is not below the freezing point of He. It
was not possible to perform an accurate refinement of the neutron diffraction spectra under
pressure because of the high background introduced by the presure cell, which produced a
large incoherent scattering contribution and the presence of extra peaks.

AC susceptibility measurements on Tb0.2Y0.8Mn2 were carried out with a commercial
SQUID magnetometer using a maximum applied field of 1 Oe and frequency of 20 Hz.

3. Results and discussion

3.1. The high-Tb-content region (x = 0.8 and 0.6)

The x = 0.8 andx = 0.6 compounds behave in a similar way. We report here the results
which correspond to thex = 0.8 compound. The same conclusions apply for thex = 0.6
compound.

3.1.1.P = 1 bar. In figure 1 the neutron diffraction thermogram of Tb0.8Y0.2Mn2 without
external pressure is shown. BelowTN = 52 K a set of magnetic peaks appear. They
were also reported by Ballouet al [13] in a previous paper on TbxY1−xMn2 at ambient
pressure. They correspond to the magnetic structure of TbMn2 [10] (AF2), characterized
by a propagation vector [τx, τy, 0] with τx = τy = 2

3. In fact our fits indicate that for
the x = 0.8 compoundτx = 0.779 andτy = 0.620, and for thex = 0.6 compound
τx = 0.84 andτy = 0.58. In agreement with the linear thermal expansion results [12], we
have obtained from the shifting of the nuclear peaks atTN a volume change of≈1.6%
for both compounds. This volume change is connected with the appearance of magnetic
moments at the Mn sites as we have pointed out in section 1. From our fits the following
magnetic moments are found: forx = 0.8, µT b site = 4.9µB and µMn site = 1.2µB ; for
x = 0.6, µT b site = 4.1µB andµMn site = 1.2µB . No sign of non-transformed phase is seen
for either sample at ambient pressure.

3.1.2. High pressure. In TbMn2 it was shown [11] that under pressures greater than 2 kbar
the low-temperature magnetic structure is DyMn2-like (F). The F structure is a canted
magnetic structure in which only one in four Mn atoms (those in a strongly magnetically
polarized environment) carry a magnetic moment. In figure 2 the neutron diffraction
thermogram of Tb0.8Y0.2Mn2 under 3 kbar is shown. The magnetic peaks which correspond
to the F structure can be seen belowT ≈ 53 K. At aroundT ≈ 25 K a small decrease
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Figure 1. The neutron diffraction thermogram of Tb0.8Y0.2Mn2 at 1 bar. The arrows indicate
the origins of the peaks (N, nuclear; AF2, see the text).

Figure 2. The neutron diffraction thermogram of Tb0.8Y0.2Mn2 at 3 kbar. The arrows indicate
the origin of the peaks (N, nuclear; P, pressure cell; F, see the text).

in the magnetic peak intensity exists. This takes place because a small part of the sample
still transforms into the transformed phase. From the fits of the intensity of the peaks
we can say that the volume change is less than 0.5%. This value could not be accurately
determined as the solidification of helium in the pressure cell leads to a volume effect which
screens the effect from the sample. At 1.5 K the amount of transformed phase is about 7%.
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Figure 3. The neutron diffraction thermograms of Tb0.8Y0.2Mn2 at (a) 1.4 kbar and (b) 2.2 kbar.
The arrows indicate the origin of the peaks (N, nuclear; P, pressure cell, AF2 and F, see the
text).

With pressure values slightly larger than 3 kbar only the non-transformed phase must be
present. For Tb0.6Y0.4Mn2 the behaviour is similar. AtP = 3 kbar the F structure appears
at T ≈ 42 K and the small presence of transformed phase is visible belowTN ≈ 29 K. At
T = 2 K there is about 38% transformed phase. At 4 kbar only the non-transformed phase
is present across the whole range of temperatures (T > 1.5 K).

3.1.3. Intermediate pressure.In figure 3(a) and (b) the thermograms of Tb0.8Y0.2Mn2 at
1.4 and 2.2 kbar respectively are shown. For both pressures the magnetic peaks which
correspond to the F structure appear at around 50 K. At 1.4 kbar the transformed phase,
with the AF2 structure, appears at around 37 K. The peaks from the non-transformed phase
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Figure 4. The volume percentages of the transformed (TP) and non-transformed (NTP) phases
(see text) of Tb0.8Y0.2Mn2 as a function of temperature at (a) 1.4 kbar and (b) 2.2 kbar.

weaken below this temperature to disappear at the lowest temperatures. In figure 4(a) the
volume percentages of the transformed and non-transformed phases at 1.4 kbar as a function
of temperature are shown. At 2.2 kbar the transformed phase appears at around 25 K,
decreasing the intensity of the NTP-phase peaks. However the sample is not completely
transformed at the lowest temperature. In figure 4(b) the volume percentages of both phases
at 2.2 kbar are shown. At 1.7 K there is around 40% transformed and 60% non-transformed
phases. From our fits we have obtained that the propagation vector changes with pressure.
In Tb0.8Y0.2Mn2, for P = 1.4 kbar we obtainedτx = 0.712 andτy = 0.647, and for
P = 2.2 kbar,τx ≈ 0.68 andτy ≈ 0.66. Consequently, applying external pressure brings
about a shifting of the propagation vector towards the value found in pure TbMn2 (τx =
τy = 0.666). For x = 0.8 and 1.4 kbar the fits gaveµT b site = 4.2µB andµMn site = 1.2µB.

3.2. The high-Y-content region (x = 0.2)

3.2.1.P = 1 bar. In figure 5 the neutron diffraction thermogram of Tb0.2Y0.8Mn2 at 1 bar
is shown. The magnetic peaks which correspond to the YMn2-like (AF1) structure can be
seen belowTN = 57 K. However atT ≈ 40 K these peaks decrease and new antiferro-
magnetic peaks appear at 22 = 34.7 and 44◦ (d = 4.23 and 3.37Å). A detailed study of
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Figure 5. The neutron diffraction thermogram of Tb0.2Y0.8Mn2 at 1 bar. The arrows indicate
the origin of the peaks (N, nuclear; AF1 and AF1′, see the text).

the neutron pattern at low temperature showed that a new magnetic phase is present (called
AF1′ hereafter). This structure seems to be also present in Dy0.2Y0.8Mn2 [6] but scarce in-
formation has been produced about this structure. In figure 6(a) the refined lattice constant
as a function of temperature is shown. AtTN a sharp increase in the lattice parameter is
seen but atT ≈ 40 K a decrease is observed. This can be connected to the appearance
of the new magnetic phase. We have also performed AC susceptibility measurements with
a SQUID magnetometer in order to detect any significant change in the magnetic struc-
ture. In figure 6(b) the real part(χ ′) of the AC susceptibility is shown as a function of
temperature. A change of slope is visible atT ≈ 40 K, which is in agreement with the
appearance of the AF1′ magnetic structure. Theχ ′ values are reasonable for antiferromag-
netic ordering. All this makes us think that a new antiferromagnetic ground state develops
in Tb0.2Y0.8Mn2 at low temperature. The exact magnetic structure is not yet known; it
seems, however, closely connected to the YMn2-like structure as the AF1-like magnetic
peaks persist. Further high-resolution experiments are necessary to solve this problem.

3.2.2. High pressure. In figure 7 the thermogram of Tb0.2Y0.8Mn2 at P = 3 kbar is shown.
The sample remains as non-transformed phase across the whole range of temperatures
studied (T > 1.7 K). No magnetic transition was detected within the non-transformed phase
as the low Tb content prevents the long-range magnetic order of the rare earth sublattice.

3.3. The region aroundx = 0.4

The macroscopic measurements (AC susceptibility and magnetostriction [12]) were unable
to elucidate the magnetic structures of the transformed and non-transformed phases of
Tb0.4Y0.6Mn2. The neutron diffraction measurements have allowed us to discover them.
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Figure 6. (a) The refined lattice parameter as a function of temperature of Tb0.2Y0.8Mn2 at
1 bar. (b) The real part (χ ′) of the AC susceptibility of Tb0.2Y0.8Mn2 at frequency 20 Hz and
maximum applied field 1 Oe.

3.3.1. P = 1 bar. From the thermogram of Tb0.4Y0.6Mn2 at 1 bar we obtained that at
TN = 42 K the sample starts to transform and at low temperatures all the sample is in the
transformed phase. The volume change is 1.5%. As there is no clear magnetic peak in the
neutron spectra at low temperatures, we have plotted (see figure 8) the difference between
the spectra at low (≈1.5 K) and high temperatures (≈50 K). This kind of plot allows us to
check whether any magnetic correlation exists at low temperatures. One can see in figure 8
that there is a clear AF2-like magnetic correlation (additional neutron scattering contribution
over the background at the position of the AF2 peaks). Therefore one must conclude that
for Tb0.4Y0.6Mn2 there is short-range AF2-like magnetic order (SRO) in the transformed
phase.

3.3.2. High pressure. As pressure is applied the transformed phase becomes unstable but
at 1 and 2 kbar the magnetic peaks in the non-transformed phase are not clearly visible,
probably due to the low percentage of non-transformed phase. However at 3 kbar (with
≈60% non-transformed phase) and 5 kbar (with 100% non-transformed phase) the magnetic
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Figure 7. The neutron diffraction thermogram of Tb0.2Y0.8Mn2 at 3 kbar. The arrows indicate
the origin of the peaks (N, nuclear; P, pressure cell).

peaks which correspond to the F structure can be clearly seen. In figure 9 the thermogram of
Tb0.4Y0.6Mn2 at P = 5 kbar is shown. BelowTC ≈ 32 K the magnetic peaks corresponding
to the F magnetic structure can be seen.

3.4. Discussion

In TbxY1−xMn2 there are two magnetic states at low temperatures very close in energy
(associated with the transformed and non-transformed phases) but of very different unit cell
volume and magnetic structure. One finds coexistence of these two different phases under
certain conditions. At ambient pressure the transformed phase, with local Mn magnetic
moment and high volume, is the phase of minimum energy. At high pressures the non-
transformed phase, with itinerant Mn moments and low volume, is the phase of minimum
energy. At intermediate pressures the general situation is the coexistence of both phases.
Within each phase different magnetic structures can occur depending on the Tb content.

4. Magnetic phase diagrams

In figure 10(a) we show the magnetic phase diagram of the transformed phase according to
the neutron diffraction measurements. At ambient pressure for all the compounds there is
a first-order phase transition when the Mn magnetic moment becomes local. The transition
temperature depends on the Y content, being around 50 K forx > 0.2 and 90 K forx = 0. In
the compounds with high Y content the Mn magnetic moments order antiferromagnetically
with the AF1 (YMn2-like) structure or the unknown AF1′ structure. Forx = 0.4 the absence
of magnetic peaks and the presence of magnetic correlations point to short-range magnetic
ordering. Such correlations appear at the positions where the magnetic peaks of the AF2
(TbMn2-like) structure appear. In the high-Tb-content region the Mn magnetic moments
order with the AF2 structure. When pressure is applied the transformed phase appears at
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Figure 8. The difference between the neutron scattering intensities at low (1.5 K) and high
(50 K) temperatures of Tb0.4Y0.6Mn2 at 1 bar. The arrows indicate the SRO contribution (see
the text).

Figure 9. The neutron diffraction thermogram of Tb0.4Y0.6Mn2 at 5 kbar. The arrows indicate
the origin of the peaks (N, nuclear; P, pressure cell, AF2, see the text).

lower temperatures (see in figure 10(a) that at 3 kbar the transformed phase has completely
disappeared forx 6 0.2), keeping however the same magnetic structure. In figure 10(b)
we show the magnetic phase diagram of the non-transformed phase. The values ofTC

have been obtained from the AC susceptibility measurements [12] as this information was
less accurate when obtained with our neutron results. Two facts are relevant. First, only
two magnetic states are possible at low temperatures. For high Tb content the F (DyMn2-
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Figure 10. Magnetic phase diagrams of TbxY1−xMn2: (a) transformed phase (TP) at 1 bar and
3 kbar according to the neutron diffraction results; (b) non-transformed phase (NTP) at 1 and
7 kbar according to the AC susceptibility results. Lines are visual guides.

like) structure occurs and for high Y content the sample remains paramagnetic. Second, as
pressure increasesTC increases. This fact is due to the reinforcement of the Tb–Tb exchange
interaction with pressure. In our previous paper [12] we suggested the possibility of the loss
of the long-range magnetic order in the non-transformed phase for the compounds with high
enough Y concentration. The neutron results indicate that the magnetic peak width does not
change with the Y content, which would be a hallmark of short-range or spin-glass magnetic
behaviour. The situation can be close to a crossover from long-range to short-range order
but this is not still manifested as a broadening of the neutron diffraction magnetic peaks.

5. Conclusions

All the experimental results in the series of intermetallic compounds TbxY1−xMn2 under
pressure and magnetic field can only be explained considering the existence of two phases
whose magnetic phase diagrams are confirmed by the present experiments of neutron
diffraction under pressure. At ambient pressure and low temperatures the Mn magnetic



8396 J M De Teresa et al

moment becomes local, giving rise to a transformed phase with a strong lattice expansion.
The magnetic structure in this transformed phase is YMn2-like (or the new unknown AF1′

structure) for the high-Y-content region, TbMn2-like for the high-Tb-content region, and
short-range magnetic order of the TbMn2-like structure for compounds aroundx = 0.4.
When pressure is applied there is coexistence of the transformed phase and a non-
transformed phase. At high pressure only the non-transformed phase exists. The non-
transformed phase orders with the DyMn2-like structure for high Tb content and remains
paramagnetic for low Y content.
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