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Abstract. The magnetization up to 50 kOe, the magnetic susceptibility under external pressure
up to 5 kbar and the thermal expansion of the cubic Laves phase compounds Y1−xGdxMn2 were
studied over a wide temperature range. Two well defined concentration regions were isolated
in the x–T phase diagram: 06 x < 0.2, in which the antiferromagnetic structure is primarily
determined by the d–d interaction (YMn2-type), and 0.2 < x 6 1, in which the f–d interaction
plays a dominant role (GdMn2-type). It is concluded that both the Gd and the Mn sublattices are
ordered in GdMn2 belowTN = 108 K, the change in the magnetic characteristics at 40 K being
interpreted as an antiferromagnetism–non-collinear ferrimagnetism transition. The intermediate
Y0.8Gd0.2Mn2 compound shows a freezing and time-dependent behaviour at low temperatures
characteristic of short-range order. The effects can also be induced by external pressure at higher
Gd concentrations.

1. Introduction

The phenomenon of magnetic instability, a jump-like change of the magnetic state when
the external forces or internal parameters are varied continuously, attracts much attention.
For itinerant-electron systems, a number of striking effects accompany this first-order phase
transition [1, 2]. The RMn2 Laves phases have a special place among the rare-earth (RE)–3d
intermetallic compounds exhibiting an instability of the 3d magnetism. In this series the Mn
sublattice shows intrinsic long-range order when R= Pr, Nd, Sm, Gd, Tb and Y withµMn

slightly varying from 2.8 to 2.6µB [3, 4]. Magnetic ordering of these compounds occurs
through a first-order-type phase transition, which is accompanied by a huge positive volume
effect of the order of 10−2 [2, 5]. In the compounds with R= Dy, Ho, Er, Tm and Lu,µMn

is significantly lower, the maximal value 1.4 µB being reached in DyMn2 [6]. As no volume
expansion is observed in the latter family, no intrinsic long-range order is considered to exist
in the Mn sublattice [2, 5].
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An important feature of the RMn2 intermetallics is the negative d–d exchange interaction,
which is responsible for antiferromagnetic ordering in YMn2 and stabilizes various non-
collinear magnetic structures in the compounds with magnetic REs. It was emphasized that Mn
ions form regular tetrahedra, both in hexagonal and cubic Laves phase modifications, which,
in view of the negativity of the Mn–Mn exchange interaction, allows one to treat the magnetic
structure of the RMn2 compounds in terms of geometrical frustration [7–9]. Different factors
that drive the magnetic instability of Mn magnetism were considered [2, 5].

(a) The concept of the interatomic distance proceeds from the assumption that long-range
antiferromagnetic order in RMn2 is intrinsic and has an abrupt onset when the Mn–Mn
nearest-neighbour distance exceeds some critical valuercr . The critical lattice parameter
≈7.62 Å, above which the Mn magnetic sublattice is ordered, lies between the values for
TbMn2 (7.636 Å) and DyMn2 (7.572 Å) [2, 10]. The existence of long-range order of
YMn2 with non-magnetic yttrium strongly supports this model.

(b) In [5, 11] the importance of the f–d intersublattice exchange interaction in stabilizing the
long-range order in the Mn sublattice was revealed. WhenH

(Mn)
mol reaches the critical value,

the Mn magnetic state changes abruptly, as for the RCo2 Laves phase compounds with
a metamagnetic Co sublattice [1, 12]. According to this mechanism the critical internal
field for the onset of long-range order in the Mn sublattice lies between the values of
H
(Mn)
mol of TbMn2 and DyMn2 [2, 13]. This concept can be argued on the basis of the

field-induced demagnetization of the Mn sublattice observed in TbMn2 [8, 11, 14]. The
effect results from the diminution of the total effective field acting on the Mn sublattice
H
(Mn)
eff = H(Mn)

mol −Hext with increasing external magnetic fieldHext . AsHext reaches the
critical value (8 T at 4.2 K), the magnetization of TbMn2 shows an abrupt increase [11].
This concept is however inconsistent with the existence of long-range order in YMn2,
which prevents one from extending it to the RMn2 series as a whole.

In fact, the above mechanisms do not conflict with each other. As in the RMn2 series,
the f–d molecular fieldH(Mn)

mol increases in step with the lattice parameter when decreasing the
RE atomic number; each factor plays its own role in determining the magnetic behaviour of
the Mn sublattice. Nevertheless, the nature of the magnetic instability of the Mn sublattice in
these intermetallics remains unclear. Essentially, the models described do not account for the
microscopic sources, and only give the parameters that should be used when discussing the
magnetic properties of the RMn2 compounds versus the RE element present.

In [5, 13] an assumption was made that the magnetic order in YMn2 could be of non-
magnetic origin and it was suggested that the intrinsic magnetic ordering arises in the new
low-temperature (LT) crystal phase only, while the high-temperature (HT) phase remains
paramagnetic. In [14–17] a model was proposed which relates the appearance of the intrinsic
magnetic ordering in the Mn sublattice to a diffusionless first-order transformation. According
to this model, each Mn atom bears an intrinsic local moment of about 2.7µB in the transformed
phase (TP) with a larger lattice parameter, which is stable when the Mn–Mn nearest-neighbour
spacing exceeds the critical value. In the non-transformed phase (NTP) with a smaller lattice
parameter the Mn subsystem shows a typical itinerant behaviour. When alloyed with a magnetic
RE, a paramagnetic moment (up to 1.5 µB in DyMn2) can be induced in the Mn subsystem.
The volume difference between the two phases reaches several per cent.

As in the case of many other structural phase transitions, the TP and NTP states can coexist
over a wide temperature region. The coexistence was observed at low temperatures (in fact, in
the ground state) at ambient pressure in YMn2 [18], Y1−xScxMn2 [19] and Y1−xLaxMn2 [13],
and can also be induced by external pressure, as e.g. in the Tb1−xYxMn2 and Dy1−xYxMn2

systems [17, 20], or by a magnetic field, as was observed for TbMn2 [8]. Many of the unusual
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properties that the RMn2 compounds show, such as a huge volume expansion of about 2–6%
atTN and a huge pressure response ofTN varying from 6 up to 25 K kbar−1 [21–24], including
the onset of a large tetragonal distortion(∼10−3) in YMn2 belowTN [18], can be accounted
for by the TP–NTP transformation model.

In the NTP state, which can also be stabilized in YMn2 by applying pressure, giant spin
fluctuations were observed down to very low temperatures [25–27]. For the (Y, Sc)Mn2

compounds they were analysed by taking account of the anharmonicity of the spin-fluctuation
spectrum [28]. Spin fluctuations were found to strongly influence the thermal expansion and
transport properties of YMn2 and YMn2-based compounds [29, 30]. The quantum spin-liquid
state of Y0.97Sc0.03Mn2 considered in [31] should also be referred to the NTP phase.

Some properties of the TP and NTP states, particularly those related to phase coexistence,
were studied in detail in the Y1−xTbxMn2 [17, 32], Y1−xDyxMn2 [20] and Y1−xHoxMn2

[33] systems. It was shown that long-range order can be absent also in the TP state; only a
short-range ordering was observed in the Mn sublattice of Tb0.4Y0.6Mn2 by means of neutron
diffraction either at ambient pressure or at 3 kbar.

In this work the magnetic properties of the Y1−xGdxMn2 system are reported. The aim
of the study is to ascertain the regularities in the variation of the TP state characteristics as
functions of the Gd concentration and external pressure. The lattice parameter changes very
little in this system, from 7.680 Å in YMn2 to 7.750 Å in GdMn2, and its influence on the
magnetic properties is expected to be minimal. At the same time, the variation of the f–d
exchange interaction in this system is the largest among those of the (Y, R)Mn2 pseudobinary
compounds. Note that the Néel/Curie temperatures are almost equal for both of the two
mother compounds YMn2 and GdMn2, ∼100 K and 108 K, respectively, as are the Mn
magnetic moments, 2.7µB. In contrast to YMn2, which has an antiferromagnetic ground state,
GdMn2 exhibits antiferromagnetic order down to about 35 K only, below which a spontaneous
magnetization appears. The low-temperature magnetic state of GdMn2 was concluded to be
ferrimagnetic [5, 14]. It is also worth mentioning some prominent differences between their
characteristics, mainly related to the TP state of the Mn sublattice:

(a) the magnetovolume effect in YMn2 (6%) is considerably larger than those in other RMn2

compounds (2% in GdMn2);
(b) in YMn2 the first-order phase transition occurs with much larger hysteresis (∼30 K) than

for other RMn2 compounds (65 K).

2. Experimental details

Polycrystalline samples of the Y1−xGdxMn2 compounds were prepared from starting materials
using induction high-frequency melting under a protective argon-gas atmosphere in a water-
cooled copper crucible. In order to avoid the formation of the R6Mn23 phase, a stoichiometry
of 1:1.93 was chosen. The ingots were subsequently homogenized at 730◦C for five days
under a dynamic vacuum in Ta containers. The phase purity of the samples was checked by
x-ray diffraction analysis (it was within 2% accuracy). Additionally, the sample purity for
the magnetic measurements was controlled by the thermomagnetic method: the content of the
high-temperature magnetic phases was determined as60.2 mol%.

The magnetization up to 50 kOe and the DC susceptibility (in fields up to 10 kOe) were
measured over the temperature range 1.8–150 K by a SQUID magnetometer, MPMS-5. For the
compounds exhibiting a spontaneous magnetization, a constant field of 2 kOe was used in the
χ(T ) measurements. The measurements under pressure were performed by using a pressure
cell made from TiCu alloy, which is described elsewhere [34]. The temperature variation of
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the pressure in the cell was neglected (within the region 3–7 kbar it was below'0.3 kbar
[35]). The thermal expansion was measured in the temperature range 5–300 K by the x-ray
diffraction method using an Oxford Instruments continuous-flow cryostat CF-100.

3. Experimental results

3.1. The magnetic (x–T ) phase diagram

In figure 1 the temperature dependence of the DC magnetic susceptibility is given for some
typical Y1−xGdxMn2 compounds. The magnetic phase transitions can clearly be detected from
the abrupt change ofχ for all of the compounds studied. The hysteresis of the magnetic phase
transition is rather narrow (∼5 K) in the range 0.3 6 x 6 1.0 and broadens considerably for
x 6 0.2. BelowTC on the Gd-rich side(x > 0.8), the susceptibility increases substantially with
decreasing temperature and this is followed by the appearance of a spontaneous magnetization.
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Figure 1. The temperature dependences of the DC susceptibilities of some characteristic
Y1−xGdxMn2 compounds. The insets show the details in the vicinity of the phase transition.

The temperature dependence of the lattice parameter of this system is shown in figure 2.
As can be seen, all of the magnetic transitions are of a first-order type and are accompanied
by a large volume expansion of the order of 10−2. The magnetovolume effect occurs for all
of the compounds of this system, indicating that the Mn sublattice is ordered (in the TP state)
for any Gd content.

The magnetic (x–T ) phase diagram of the Y1−xGdxMn2 system was constructed using
both x-ray thermal expansion and magnetic susceptibility data. It is presented in figure 3.
Some disagreement between the thermal expansion and susceptibility data can be attributed
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Figure 2. The temperature dependence of the lattice parameter of the Y1−xGdxMn2 system. The
dashed lines forx = 0.1 and 0.2 indicate the region where the paramagnetic and antiferromagnetic
phases coexist.
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Figure 3. The magnetic (x–T ) phase diagram of the Y1−xGdxMn2 system. Full circles and open
squares indicate the data obtained from the susceptibility and thermal expansion measurements,
respectively. Forx 6 0.3, the vertical lines show the hysteresis range (observed in theχ(T )

measurements) and the region where the AF and paramagnetic phases coexist (according to the
x-ray data). The full triangle corresponds to the high-temperature kink ofχ(T ) identified asTN for
Y0.8Gd0.2Mn2 (see figure 7, later). AFI and AFII denote the different antiferromagnetic regions;
FIM denotes the ferrimagnetic region where a spontaneous magnetization is observed.

to the high sensitivity ofTC/TN to small variations of the initial stoichiometry (samples from
different melts were used in the experiments), a fact repeatedly mentioned previously for RMn2

compounds [13]. The diagram is characterized by a pronounced minimum atx = 0.2. This
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concentration separates the compounds with broad(x 6 0.2) and narrow(x > 0.3) hystereses
observed inχ(T ) and ina(T ) dependencies.

3.2. Magnetization measurements

The magnetization curves of the Y1−xGdxMn2 compounds at 4 K are given in figure 4. The
compounds withx = 0.8, 0.9 and 1.0 exhibit a spontaneous magnetization at this temperature.
A smooth field-induced phase transition is observed in the concentration range 0.36 x 6 0.7
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Figure 4. Magnetization curves of the Y1−xGdxMn2 compounds at 4 K for low (a) and high (b) Gd
concentrations. The dashed line is drawn throughM(H) for Y0.4Gd0.6Mn2 in order to highlight
the critical fieldHC . Arrows indicate the field hysteresis. The field variation of dM/dH for one
sample, Y0.7Gd0.3Mn2, is displayed in the inset.
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Figure 5. Magnetization curves of GdMn2 at different temperatures.

which can be disclosed by differentiation with respect toH . The critical field of the transition
tends to zero nearx = 0.8.

In figure 5 the magnetization curves of GdMn2 at different temperatures are shown. As can
be seen, the spontaneous magnetic moment,MS , disappears near 40 K. In the region below
40 K any hysteresis phenomena are terminated above 8 kOe. The magnetization curves of
Y0.1Gd0.9Mn2 are similar, andMS reduces to zero at 20 K.

The temperature change ofM(H) of a typical AF compound, Y0.5Gd0.5Mn2 (TN = 76 K),
of this system is shown in figure 6(a). The values ofHC are weakly dependent on temperature,
the transition being observable up to 70 K (figure 6(b)). Similar behaviour is exhibited by the
other antiferromagnetic compounds for the interval 0.36 x 6 0.7, too.

The Y0.8Gd0.2Mn2 compound is very distinctive. Although a clear abrupt jump with a
hysteresis of about 10 K is observed in the temperature dependence of the lattice parameter,
the DC susceptibility does not show any jump or hysteresis which might be associated with
the first-order phase transition. At 41 K, which was identified as the transition point, the
susceptibility shows a characteristic kink. A freezing effect arises belowTf = 30 K. As can
be seen from figure 7, the variation ofχ versusT for the zero-field-cooled (z.f.c.) sample
differs markedly from that measured when cooling under 50 kOe.

Figure 8 shows the magnetization cycling of Y0.8Gd0.2Mn2 at 4 K measured under
different conditions. The magnetization process over the whole field range from−50 to
50 kOe is accompanied by an extended hysteresis. The magnetization curve of the 50 kOe
field-cooled (f.c.) sample is irreversible and becomes nearer to the z.f.c. curve after cycling.
Over the temperature interval 30–41 K the sample does not show either irreversibility or a
spontaneous magnetization, and is probably in the antiferromagnetic state. The fact that the
z.f.c. magnetization process runs outside the hysteresis loop of the f.c. cycle indicates that
the magnetic structures of the f.c. and z.f.c. states are different. This behaviour resembles a
re-entrant freezing phenomenon with the sequence paramagnetism→ antiferromagnetism→
frozen magnetic phase on cooling. The magnetization signal of Y0.8Gd0.2Mn2 is time
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Figure 6. Magnetization curves of Y0.5Gd0.5Mn2 (a) and the variation of the derivatives dM/dH
as functions of the magnetic field (b) at different temperatures. The dashed line is drawn through
M(H) at 2 K inorder to highlight the critical fieldHC . Arrows in (b) indicate the positions ofHC .

dependent below 20 K. TheM(t) curves can be well approximated by the expression

M(t) = M∞ +1M1 e−t/τ1 +1M2 e−t/τ2 (1)

which points to the presence of two relaxation mechanisms. At 4.5 K, the following values
were found for the relaxation times of the magnetization signal at 5 kOe of a sample cooled
under 50 kOe:τ1 = 10 min andτ2 = 115 min.
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Figure 7. The DC susceptibility of Y0.8Gd0.2Mn2 as a function of temperature measured on heating
for the sample cooled down in zero field and under 50 kOe.
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Figure 8. The magnetization process of Y0.8Gd0.2Mn2 at 4 K. The dotted curve corresponds to the
z.f.c. initial state and the solid curve is for the sample cooled down under 50 kOe. For both curves,
the first magnetization trace is indicated by the digit 1.

3.3. Magnetic properties of the Y1−xGdxMn2 compounds under pressure

The effect of pressure on the magnetization process of Y0.7Gd0.3Mn2 is shown in figure 9.
The magnetization curves for the z.f.c. and f.c. samples are slightly different at ambient
pressure. The f.c. sample shows a narrow hysteresis, the field-induced magnetic phase trans-
ition still being detectable by differentiating at'19 kOe. Under external pressure the following
characteristic properties appear:

(a) The magnetization curve of the z.f.c. cycle has a negative curvature with a narrow hyst-
eresis. No field-induced transition can be detected at 5 kbar. At the same time, the



2946 I S Dubenko et al

-40 -20 0 20 40

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

M
  [

 µ
B
 / 

f.u
. ]

Magnetic Field  [ kOe ]

P = 3 kbar

-40 -20 0 20 40

-0.4

-0.2

0.0

0.2

0.4

P = 1 kbar

-40 -20 0 20 40

-0.4

-0.2

0.0

0.2

0.4 Y
0.7

Gd
0.3

Mn
2

P = 0 kbar

M
  [

 µ
B
 / 

f.u
. ]

-40 -20 0 20 40

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

P = 5 kbar

Magnetic Field  [ kOe ]

Figure 9. The hysteresis loops of Y0.7Gd0.3Mn2 at 4 K under different pressures. Full and open
symbols correspond to the z.f.c. and f.c. (50 kOe) sample, respectively.
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Figure 10. The DC susceptibility of Y0.7Gd0.3Mn2 as a function of temperature under different
pressures measured on heating for the sample cooled down at zero field (full symbols) and 50 kOe
(open symbols).

high-field magnetization value increases substantially (at 50 kOe, from 0.41 µB/f.u. to
0.82µB/f.u.).

(b) The magnetization curve of the f.c. cycle shows a wide hysteresis under pressure. The
hysteresis width is maximal at 1 kbar. A clear irreversibility of theM(H) curve appears
at 3 kbar, which is the consequence of a slow relaxation.
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This is similar to what was observed for the Y0.8Gd0.2Mn2 at ambient pressure. With the
further increase of pressure the hysteresis loop becomes narrower and theM(H) curves for
the z.f.c. and f.c. cycles almost coincide. The magnetization curves for the z.f.c. sample at
P = 1 kbar and 3 kbar lie outside the hysteresis loop of the f.c. sample.
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Figure 11. The DC susceptibility of Y0.5Gd0.5Mn2 as a function of temperature measured at
ambient pressure and under 5 kbar.

Figure 10 displays the appearance of the freezing effect in Y0.7Gd0.3Mn2 induced by
pressure. Under low pressure the temperature dependence ofχ(T ) can be transformed into
that observed for Y0.8Gd0.2Mn2 atP = 0. A similar, however less prominent, change inχ(T )
also occurs for the compounds with higher Gd concentration. In figure 11 the temperature
dependencies of the magnetic susceptibility of Y0.5Gd0.5Mn2 at P = 0 and 5 kbar are
compared. Application of external pressure results in the appearance of a small remnant
magnetization in the f.c. sample; at 5 kbar it arises belowTf = 22 K. As in the case of
Y0.7Gd0.3Mn2, a substantial increase ofM occurs (see figure 12). The magnetization at 50 kOe
rises from 0.82µB/f.u. (0 kbar) to 1.22µB/f.u. (5 kbar). In this compound the z.f.c. magnetic
structure is antiferromagnetic with the field-induced magnetic phase transition still persisting
under pressure up to 5 kbar. The sample shows, however, some magnetic inhomogeneity below
Tf , which can be detected by cycling: the transition smears and a small hysteresis can be seen
when demagnetizing (figure 13). Again, the magnetization processes for the 50 kOe f.c. and
z.f.c. samples differ substantially, the former occurring with much broader hysteresis and a
higher value of the magnetization. The inset in figure 12 shows that the field-induced magnetic
phase transition shifts to the lower-field region under pressure.

4. Discussion

The magnetic phase diagram presented in figure 3 shows that most of the structures realized in
the Y1−xGdxMn2 system are antiferromagnetic. A non-compensated ferrimagnetic structure
exists, but only in the low-temperature region of the Gd-rich side withx > 0.8. Note that at
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Figure 12. Magnetization curves of Y0.5Gd0.5Mn2 at 5 K measured under different pressures. The
dashed line is drawn throughM(H) at 0 kbar in order to highlight the critical fieldHC . The inset
shows the variation of the derivatives dM/dH as functions of the magnetic field. The arrows in
the inset indicate the positions ofHC .

T → 0 the boundary between the AF and FIM phases corresponds to the magnetic compen-
sation of a collinear ferrimagnetic arrangement of the Mn and Gd magnetic moments. Taking
µMn = 2.7 µB andµGd = 7.0 µB, the magnetic compensation occurs atxcomp = 0.77. At
present we cannot explicitly relate this value to the magnetic structure of the Y1−xGdxMn2

compounds. Another characteristic boundary concentration can be distinguished at the
concentrationx = 0.2, above which the hysteresis accompanying the first-order-type transition
shrinks abruptly and field-induced magnetic phase transitions can be observed. Although the
different magnetic structures distinguished in the Y1−xGdxMn2 system cannot be solved by
macroscopic measurements, some conclusions can be deduced from the above experiments.

The high-field magnetization of the Gd-rich ferrimagnetic compounds is substantially
smaller than the value expected for a saturated Gd sublattice. For TbMn2, the antiparallel
alignment of the resulting Mn- and Tb-sublattice magnetizations was proved by magnetization
and magnetostriction measurements [11, 14]. Hence, the f–d exchange interaction dominates
in this compound over the f–f and d–d ones. The same holds for GdMn2, too, as the Gd–Mn
interaction can be considered stronger than the Tb–Mn one. In GdMn2, the d–d interaction
also seems stronger than that in TbMn2 as at higher temperatures the antiferromagnetic state
becomes stable. The fact that the ferrimagnetic phase disappears atx < xcomp indicates that
in the Y1−xGdxMn2 system the d–d and f–d interactions are of the same order of magnitude.
This could be due to the larger lattice parameter of GdMn2, which makes the Mn magnetism
more stable than in TbMn2.

Consider now the AF compounds withx in the concentration interval 0.3 6 x 6 0.7,
which exhibit a field-induced magnetic phase transition. The magnetization measurements
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Figure 13. The magnetization process of Y0.5Gd0.5Mn2 under different pressures.
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Figure 14. The low-temperature concentration dependence of the critical fieldHC for the
Y1−xGdxMn2 system. The solid curve was drawn using the least-squares fit according to equ-
ations (2) and (3).

do not allow us to establish the exact spin arrangement of these compounds. However, some
general conclusions can be reached proceeding from the concentration dependence ofHC , the
critical field of the transition. As figure 14 shows,HC drops with increasing Gd concentration
and reduces to zero nearxcomp.

The antiferromagnetic spin arrangement in this range (AFI) can be treated as formed
by separate Gd and Mn antiferromagnetic sublattices (weak f–d exchange); alternatively
it can be considered as made up of antiparallel coupled Gd–Mn moments, which form
an antiferromagnetic structure owing to the negative d–d exchange interaction (strong f–d
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exchange). The difference between the two approaches depends on the relative strength of
the d–d, f–d and f–f interactions, and becomes important under an external field. In the
antiferromagnetic state, the net magnetization under the magnetic fieldH can be expressed in
the form

Mnet = MMn(H) +MGd(H) = 2µMn
1

L

L∑
i=1

cosϑi + xµGd
1

N

N∑
j=1

cosϑj (2)

whereϑi(H) andϑj (H) are the angles betweenH and the magnetic moments of Mn and Gd
in thei- andj -sublattices, respectively,L andN being the numbers of the sublattices. In the
x < 0.77 rangeMMn is larger thanMGd; therefore the Mn moments tend to be aligned along
the applied field (asϑi vary from 90◦ to 0◦, cosϑi is always positive). Hence, the observed
transition atHC cannot be associated with the reverse magnetization process occurring in
the Mn sublattice due to the magnetic instability. It follows from the magnetization curves
of GdMn2 (Ha < 10 kOe) that the magnetic anisotropy must be small in these compounds.
Therefore a smearing over the field interval 15 kOe indicates that it is a second-order-type
phase transition, which can be related to a rearrangement of the magnetic structure due to a
spin-flopping process. We therefore relate it to a spin-flop-type transition, which only changes
the orientation and does not change the magnitude of the magnetic moments.

In contrast, cosϑj can be either positive (weak f–d interaction) or negative (strong f–d
interaction). In the latter case, the Gd and Mn moments move in opposite directions under a
field. Thus, depending on the strength of the f–d interaction,Mnet must either increase (weak
f–d interaction) or decrease (strong f–d interaction) with increasing Gd concentration. For a
qualitative analysis, the conventional expression for the spin-flop transition field of weakly
anisotropic antiferromagnets can be used:

HC =
√
λHAMnet (3)

whereλ is the intersublattice molecular-field coefficient andHA is the anisotropy field,Mnet

being the net field-induced magnetization per f.u. (sublattice magnetization) atH = HC . As
seen from equation (3), for the weak f–d exchangeHC must increase with increasing Gd conc-
entration, which is inconsistent with the experiment. In contrast, the latter suggested hierarchy
is in agreement with the experimental variation ofHC(x).

The least-squares fit of equation (3) to the experimentalHC(x) dependence performed
with the fixed valuesµGd = 7.0µB andµMn = 2.7µB has given

LλHA

/∑
i

cosϑi = 127 kOe2/µB

and

L
∑
j

cosϑj
/
N
∑
i

cosϑi = −1± 0.02

(here the concentration dependencies of the f–d interaction strength and anisotropy field are
neglected). As seen from figure 14, the calculatedHC(x) dependence agrees well with the
experimental data. This result shows thatµGd andµMn remain antiparallel to each other in an
external magnetic field, and the antiferromagnetic structure in this concentration range can be
treated as being formed by equivalent magnetic sublattices with the sublattice magnetization
taken asMnet = 2µMn − xµGd.

In order to discuss the phase diagram of the Y1−xGdxMn2 system for the low-Gd-
concentration region,x 6 0.2, consider the concentration dependencies of the pressure
response ofTN and the volume expansion accompanying the magnetic phase transition,
ωS = (Vm − V0)/V0 (Vm and V0 being the volumes of the elementary cell below and
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Figure 15. The concentration dependences of dTN/dP and dTf /dP for the Y1−xGdxMn2 system.
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Figure 16. The concentration dependence of the volume effect,ωS , for the Y1−xGdxMn2 system.

above the transition point, respectively), shown in figures 15 and 16. Both,∂TN/∂P and
ωS show substantial increase belowx = 0.2. In this concentration region, the Gd sublattice is
disordered (see for comparison other Y1−xGdxMe2 systems [36]), and the antiferromagnetic
AFII magnetic structure can be considered as determined mainly by the d–d exchange
interaction as in the mother compound YMn2. Then the decrease ofTN at low Gd content,
which results in there being a minimum atx ≈ 0.2, is a consequence of the growing magnetic
instability induced by the Gd–Mn negative exchange interaction. This interaction upsets the
exchange balance of the fully frustrated YMn2-like AFII structure. In contrast, the AFI-
type magnetic structure of the Gd-rich compounds is mainly stabilized by the f–d exchange
interaction. Therefore the differences in the values of∂TN/∂P andωS can be related to the
different factors responsible for the stability of the AFI and AFII structures.

Y0.8Gd0.2Mn2 is an intermediate compound in the phase diagram. This compound,
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although being in the TP state, has characteristics of short-range order below 30 K. The
first anomaly, both ina(T ) andχ(T ), appears, however, at the considerably higher temp-
erature of 41 K. It is likely that the magnetic state of Y0.8Gd0.2Mn2 passes through the
sequence paramagnetism→ antiferromagnetism→ short-range order on cooling. The
antiferromagnetic state between 30 K and 41 K is of the AFII type, as no field-induced magnetic
transitions were observed for that compound around the expected value ofHC ≈ 25 kOe. It
is questionable to relate the short-range order to a ‘classical’ spin-glass behaviour just on
the basis of the magnetization measurements, since both of the relaxation processes found in
Y0.8Gd0.2Mn2 are essentially rapid. The nature of the short-range order in Y0.8Gd0.2Mn2 is not
yet clear. It could be ascribable to a re-entrant transformation from the TP to NTP state (hence
characterizing the transformation rate), or it could be caused by the competition between the
AFI and AFII structures, i.e. have a magnetic origin.

The magnetic phase diagrams of the Y1−xTbxMn2 (TP state [17]) and Y1−xGdxMn2

systems are qualitatively similar. In the former system, Y0.6Tb0.4Mn2 in the TP state
showed only short-range correlations at low temperatures, similarly to what was observed for
Y0.8Gd0.2Mn2. The region of short-range correlations first broadens with increasing pressure;
under 1 kbar it is extended up to at leastx = 0.3. ThenTf , like TN , shifts towards lower
temperatures with further increasing pressure. Pressure up to 5 kbar is still not enough to cause
the NTP state to arise in the Y1−xGdxMn2 system.

The application of external pressure results in a considerable increase of the net mag-
netization in the AFI state (see figures 9, 12 and 13) and leads also to the increase ofHC .
The behaviour ofM versusP cannot be directly associated with the instability of the Mn
magnetism, i.e. with the pressure-induced TP→ NTP transition. In this concentration region
(MMn > MGd) the magnetic field aligns the Mn moments; hence the change ofµMn from 2.7µB

to 1.4 µB would lead to a decrease of the magnetization value under a field. Considering the
Mn sublattice to be still in the TP state at low pressure, the increase ofM(H) andHC can
be understood as a breaking down of the antiparallel Gd–Mn coupling by pressure. Then,
according to equation (3), an increase ofHC is also expected.

5. Conclusions

The magnetic properties of the RMn2 compounds can be interpreted by suggesting that the first-
order phase transition related to the onset of antiferromagnetic order in the Mn sublattice has
a non-magnetic origin, being a kind of structural transformation. In the Y1−xGdxMn2 system
the transformed phase with a strongly expanded lattice is stable at any Gd concentration.

At least two magnetic structures of antiferromagnetic type can be distinguished in
the Y1−xGdxMn2 system, YMn2-type and GdMn2-type structures. In the latter structure
the antiparallel alignment of the Gd and Mn moments is proved by the observation of
field-induced magnetic phase transitions. The GdMn2-type antiferromagnetic structure is,
nevertheless, non-collinear and can be considered as formed by the net magnetization vector
Mnet = 2µMn − xµGd. Above the compensation pointxcomp = 0.77 the Gd sublattice is also
ordered antiferromagnetically; this conclusion applies to the temperature interval 40 K–TN for
GdMn2, too.

The intermediate compound Y0.8Gd0.2Mn2 shows characteristics of short-range order in
the transformed phase. This compound resembles Y0.6Tb0.4Mn2, for which the absence of
long-range order was proved by neutron diffraction. External pressure up to 5 kbar is not
enough to suppress the transformed phase completely; however, the magnetic structure of the
Y1−xGdxMn2 compounds in the transformed phase is strongly modified by pressure.
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[26] Freltoft T, Böni P, Shirane G and Motoya K 1988Phys. Rev.B 373454
[27] Block A, Mohsen M, Abd-Elmeguid M and Micklitz H 1994Phys. Rev.B 4912 365
[28] Lacroix C, Solontsov A Z and Ballou R 1996Phys. Rev.B 5415 178
[29] Shiga M, Wada H, Nakamura H, Yoshimura K and Nakamura Y 1987J. Phys.: Met. Phys.171781
[30] Hauser R, Bauer E, Gratz E, Dubenko I S and Markosyan A S 1994PhysicaB 199+200662
[31] Shiga M, Fujisawa K and Wada H 1993J. Phys. Soc. Japan621329
[32] de Teresa J M, Ibarra M R, Ritter C, Marquina C, Arnold Z and del Moral A 1995J. Phys.: Condens. Matter

7 5643
[33] Ritter C, Cywinski R and Kilcoyne S H 1994Z. Naturf.a50191
[34] Hosokoshi Y, Tamura M and Kinoshita M 1997Mol. Cryst. Liq. Cryst.306423
[35] Hosokoshi Y, Mitoh M, Tamura M, Takeda K, Inoue K and Kinoshita M 1998Rev. High Pressure Sci. Technol.

7 620
[36] Burzo E 1981Bull. Magn. Reson.2 239


