IOPScience

Home

Search Collections Journals About Contactus My IOPscience

Study of the d-magnetism instability in the Tm;_-Gd-Ce: System around the critical

concentration by means of resistivity measurements

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1996 J. Phys.: Condens. Matter 8 11093
(http://iopscience.iop.org/0953-8984/8/50/032)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.207
The article was downloaded on 14/05/2010 at 05:56

Please note that terms and conditions apply.

iopscience.iop.org


http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/8/50
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matt8r(1996) 11093-11104. Printed in the UK

Study of the d-magnetism instability in the Tm,_,Gd,.Co,
system around the critical concentration by means of
resistivity measurements

E Grat#, R Hauset, | S Dubenkd and A S Markosyah

1 Institute for Experimental Physics, TU Vienna, A-1040 Vienna, Austria
1 MIREA, Prospekt Vernadskogo, 54, 117454 Moscow, Russia
§ Faculty of PhysicsM V Lomonosov MSU, 119899 Moscow, Russia

Received 11 July 1996

Abstract. The substitution of Gd for Tm in the pseudobinary TmGd,Co, system gives

rise to the onset of long-range magnetic order in the itinerant Co sublattice above a critical
concentration(x, = 0.1). The features of the Co magnetism around the critical concentration
were studied by means of resistivity measurements in magnetic fields up to 10 T and pressures up
to 15 kbar. An extremely large drop of the resistivity at the ordering temperature measured for
x > x. is explained by a suppression of the spin-fluctuation contribution to the resistivity in the
vicinity of T¢ due to the intersublattice molecular field. The analysis of the magnetoresistance
revealed that the spin fluctuations abo¥e are additionally enhanced due to short-range
correlations within the f—d-electron system in a limited temperature region abgveThe
application of external pressure results in a suppression of both the spin fluctuations and the
onset of the long-range order in the Co sublattice. Inh§@1h.1Co, the Co sublattice remains
paramagnetic below the Curie temperature fiop 8 kbar. The magnetic Gneisen parameter

was found to substantially increase as the critical concentratiomas approached.

1. Introduction

The rare-earth- (R-) based cubic Laves phase compounds with cobalt)(B@act much
attention owing to the d-magnetism instability, which causes various interesting field- and
temperature-dependent phenomena. Inthe compounds witly RLu and Sc the conditions

for long-range magnetic order in the itinerant d-electron subsystem are not fulfilled, in
contrast to the case for the RFseries. These RGocompounds remain paramagnetic
down to the lowest temperatures; however, they show an enhanced temperature-dependent
Pauli susceptibility [1, 2]. A first-order phase transition from the paramagnetic into a
ferromagnetic state—so-called itinerant metamagnetism [3—5]—occurs in (48d LuCg)

in a magnetic fieldHne of about 70 T [6]. Due to the strong electron—electron correlations
among the electrons in the d subsystem, spin fluctuations are present and influence the
physical properties of these compounds substantially [7, 8]. In those R@uopounds

where R bears a permanent magnetic moment, a strong intersublattice f-d exchange coupling
arises between the itinerant d subsystem (the Co sublattice) and the localized 4f subsystem
(the R sublattice). In most of the Rgathe intersublattice molecular fielH % exceeds

Hmet and the Co sublattice undergoes a transition into a ferromagnetic state Belohs

the exchange constant of the f—d interaction is negative, these compounds are collinear
ferrimagnets with heavy R atoms (Gd to Er) and ferromagnets with light rare earths (Pr,
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Figure 1. Temperature dependences of the electrical resistivities of the_J@&ud,Co,
compounds at different external magnetic fields. The insets show the detailsr@fsusT
in the low-temperature region. The Curie temperatures are indicated by arrows. (ap,T{mCo
Tmo.95Gdo.05C0z, (€) TMy9Gdh.1Cop, (d) TmpgsGo.15C0z and (e) TnggGao.2Coy.

Nd and Sm) [9]. However, in TmGahe value ofoE% (=60 T) [10] is less tharHet and
therefore the Co sublattice remains paramagnetic bdlgw= 3.8 K where only the Tm
sublattice is magnetically ordered [11, 12].

Numerous investigations have dealt with the different features of the d magnetism in the
RCa, compounds and related substituted systems. Among them the direct observation of
metamagnetic transitions in the R(CoM, ), systems with R=Y or Lu and M= Al, Ga,

Sn or Si and studies of the Co magnetic state as a functioHdf in the compounds
R1_.Y,Co should be mentioned [13—-17]. The results were mainly discussed within
the scope of mean-field theories, and therefore neglected spin-density fluctuations in the
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Figure 1. (Continued)
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Figure 2. Temperature dependences of the magnetoresistange’p) of the Tm_,Gd,Co,
compounds in the low-temperature region. (a)obgGd.05C02, (b) TmpoGdy1Co, and (c)
Tmo gsGdp 15C0,. In each panel the arrow indicates the corresponding Curie temperature.

itinerant-electron subsystem. In a more recent analysis, the low-field susceptibility gf YCo
based paramagnetic systems (which is dominated by the spin fluctuations) could be related
to the high-field metamagnetic transition at elevated temperatures, i.e. the position of the
maximum in x (7)) was found to be proportional téle: [18, 19]. Furthermore, for the
magnetic RCg compounds, it could be demonstrated that spin fluctuations influence many
of their physical properties abovR.. For instance, the pronounced enhancement of the
electrical resistivity observed in the vicinity @& has been ascribed to strongly enhanced
spin fluctuations in the d-electron subsystem due to the fluctuating f-d molecular field.
This enhancement is correlated with the 3d-moment instability which increase&%s
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Figure 2. (Continued)

approachedi et [20].

In the present paper we discuss the magnetoresistance and the electrical resistivity, under
external pressure, of the pseudobinary;Tp&d,Co, Laves phase compounds at around
the critical concentration for long-range magnetic order in the Co sublattice. Both the
magnetic field and the pressure modify the magnetic state of the itinerant-electron systems
considerably. While the magnetic field suppresses the spin fluctuations and increases the
magnetic order, the external pressure will broaden the d band, due to the decrease of the
interatomic distances, and thus weaken the magnetic interactions within the Co 3d band.
This study continues our previous work devoted to the temperature dependence of the
transport properties, thermal expansion and specific heat of the,Bd,Co, system, in
which the Co sublattice becomes magneticfoe x. = 0.1 [12].

2. Experimental details

Polycrystalline samples of Tm,Gd,Co, with x = 0.00, 0.05, 0.10, 0.15 and 0.20 were
induction melted under an argon atmosphere using a stoichiometry of 1:1.95 instead of 1:2
in order to avoid the formation of magnetic R{as a foreign phase. The samples were
annealed at 800C for five days; the loss in weight was less than 0.1%. X-ray diffraction
patterns give no indication of the presence of foreign phases. The resistivity in a field and
under pressure was measured by means of a conventional four-probe technique. The sample
dimensions for the magnetoresistance measurements were abdut T mn¥, while those

for the pressure experiment were typically aboi& 9 0.5 x 5 mn?. Transverse magnetic

fields up to 10 T have been applied. A hydrostatic pressure, up to 15 kbar, was generated
in a liquid pressure cell using a 1:4 ethanol-methanol mixture as the pressure-transmitting
medium. The pressure in the cell was measured using lead as a manometer. Because of
the brittleness of these Laves phases the uncertainty in the absolute value of the resistivity
is approximately 10%.
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Figure 3. Temperature dependences of the electrical resistivities af J@&d,Co, compounds
measured under different external pressures up to 15 kbar: (a)gsBtppsC0o), (b)
Tmo.9Gdo.1C2, (€) Tmo.gsGdo.15Ca and (d) Tmy.gGdo2C0p.

3. Experimental results

The temperature dependences of the electrical resistiviti€s) of the Tm_,Gd,Co,
compounds in various applied magnetic fields are presented in figures 1(a)-1(e). For all
compounds the resistivity saturates at around 150 K as found fop YQ.0This saturation

can most clearly be seen for those Gd concentrations withZlg\ii.e. 0< x < 0.1). The

insets show details of the low-temperature behaviour for all of the magnetic field values for
which the transverse magnetoresistance has been studied. In each panel the arrow indicates
the onset of the long-range magnetic order in zero field. The valuegfdrave been
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Figure 3. (Continued)

obtained from specific heat and thermal expansion measurements and the point of inflection
of the p versusT curves as discussed in [12]. For low Gd concentratignd) shows
pronounced minima just abovi:, which vanish gradually with increasing magnetic fields.
Figures 2(a)-2(c) show the magnetoresistansgsp = (po(H) — p(0))/p(0) for
x = 0.05 (below the critical concentrationy,= 0.1 (the critical concentration) and= 0.15
(above the critical concentration). In each panel the arrow indid&teés zero field. In the
paramagnetic temperature range the magnetoresistance is negative.=Had and 0.15
Ap/p shows a minimum abové; followed by a sharp increase towards positive values
on cooling belowTc. This behaviour is more pronounced when the field is increased.
However, for Tm 95Gdy05C0, the minimum is not observed because of the low value of
Tc.
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Figures 3(a)-3(d) display the temperature dependences of the resistivities for the samples
with 0.05 < x < 0.2 at different pressures. In the paramagnetic range at elevated
temperatures (not shown in figures 3) an external pressure of 15 kbar hardly influences
the shape of the versusT curves; however, the pressure has a strong influence (@H
in the vicinity of the magnetic transition. Assuming that the point of inflection represents the
Curie temperature, it follows that the ordering temperature decreases under applied pressure.
Simultaneously the resistivity at the lowest temperature measured increases drastically. The
p versusT curve for the sample witlh = 0.05 does not show the characteristic decrease at
Tc either at ambient pressure or under pressures up to 15 kbar. However, most interesting
is the case of TRGdy1Co,, Where this decrease gf (T) at the ordering temperature
vanishes for pressures higher than about 8 kbar. Above 8 kbar the resistivity of this sample
is very similar to that of the sample with = 0.05. Note that, while the maximum in
versusT is strongly influenced by the magnetic field, it is hardly changed by pressure.

4. Discussion

A comparison of the resistivity behaviour of the TmGd,Co, system with that of the
isostructural R series with non-magnetic partner elements, e.g.,®dAl, [21], shows
substantial differences in the(T) dependences, which is concerned with the Co subsystem
and its contribution to the resistivity. In a previous study of the transport properties of
RCo compounds an analysis of the various contributions to the resistivity has been given
[20]. For the paramagnetic compounds ¥%CGmd LuCe the spin-fluctuation contribution

was derived by subtracting the(7T) dependence of the isostructural simple intermetallic
LuNi, or YAl, from the total resistivity of these RG@ompounds. It was shown that with
increasing temperature the spin fluctuations within the d subsystem give rise to an enhanced
T?-increase at low temperatures, followed by a strong saturation of tii® dependence

at around 150 K. In the magnetic R€oompounds the total magnetic contribution to the
resistivity can be decomposed into two parts: one is caused by the scattering of conduction
electrons on 4f momentgspd(7) (neglecting crystal-field effectgispq is considered to be
temperature independent abdeand proportional to the de Gennes fadtgr1)2J (J+1)),

and the other is due to spin fluctuations within the d subsysiei’). For temperatures

far aboveT the latter may be best approximated by the spin-fluctuation contribution to the
resistivity in YCg or LuCaq,. Additionally, in the vicinity of Tc the interaction between

the 4f- and d-electron subsystems provides an increase and progressive strengthening of the
scattering of the conduction electrons due to the enhanced critical spin fluctuations.

The sharp drop inp versusT for x = 0.1, 0.15 and 0.2 indicates the corresponding
Curie temperatures at 12 K, 25 K and 42 K, respectively. This anomaly in the resistivity
is intimately related to the onset of magnetic order in the Co sublattice caused by the
f—d exchange interaction far > 0.1. Due to this metamagnetic transition within the
itinerant sublattice the spin fluctuations are suppressed bé&gwand thus their huge
contribution to the resistivity vanishes [7, 20]. The appearance of the minima(1h)
aboveTc for x = 0.05 (Tc = 4.5 K) and 0.1 { = 12 K) can be understood by assuming
that short-range correlations within the 4f sublattice give rise to an enhancement of the
d-band spin-fluctuation scattering beyond the ‘normal value’ as e.g. given fop d€Co
the corresponding temperature. This enhancement and the following suppression are most
pronounced if the magnetic order occurs in the temperature region where the val(&)a$
still not saturated, i.e. at low temperatures up to about 50 K. Neutron diffraction experiments
recently performed on HoGaonfirm the existence of enhanced spin fluctuations in a limited
temperature region abovk: [24].



Study of the d-magnetism instability Thn,_,Gd,Co, 11101

According to Boltzmann’s transport theory, an external magnetic field acts on the
resistivity (magnetoresistance) in a twofold way. In the presence of a magnetic field the
conduction electron movement, driven by the electric field, is additionally influenced by the
Lorentz force. This gives rise to the so-calliddssical magnetoresistancehich is always
positive and limited mainly to the low-temperature region in sample materials with small
residual resistivities. The second mechanism is evoked by the influence of the external field
on the scattering processes described by the scattering operator in the Boltzmann equation
[22] and is related to the field-induced spin arrangement of the magnetic atoms, with the
tendency to line up the moments along the field direction. In ferromagnetic materials
this second mechanism provides a negative contribution to the total magnetoresistance and
is normally much larger than the classical magnetoresistance near to the breakdown of
long-range magnetic order [23]. This concept has been used to dedgsijpefor simple
ferromagnets, such as RNand RAL [7]. In the case of ferrimagnetic materials the total
effective magnetic field acting on a magnetic sublattice can either increase or decrease
when applying an external magnetic field. Therefore, depending on the partial sublattice
contributions, the magnetoresistance can show different behaviour as regards its value and
sign.

The magnetoresistance of the TmGd,Co, system does not follow such simple rules
and can only be understood when considering the presence of two magnetic sublattices.
Above the Curie temperaturéyp/p is negative in this system. The magnetoresistance of
the ferromagnetic TgysGdy05C0, compound is negative at any temperature measured in
accordance with the above arguments. However, a comparison with the magnetoresistance
of simple ferromagnetic compounds (RNir RAl,) shows that the negativ&p/p values
above Tc are much larger in this compound where spin fluctuations are present, i.e. the
resistivity is much more strongly influenced by the external field. This can be understood
when we take into account the fact that the applied magnetic field suppresses the short-range
correlations within the 4f-electron subsystem neaff¢o As a consequence the enhanced
spin-fluctuation scattering of the conduction electrons vanishes.

In the samples withe > 0.1 (where the induced Co moments are antiparallel to the
R moments) the magnetoresistance shows different temperature variation depending on the
concentration. With decreasing temperatufgy/p changes its sign slightly belowc.

The positive values ofAp/p cannot solely be ascribed to the classical magnetoresistance
(which is always positive, see above). Theo/p values are largest at the critical
concentration. Note that at 10 T &l K for TmyoGdy1Co, Ap/p is about twice as
large as for TrggsGdy15C0, (see the figures 2(b) and 2(c)) and about five times larger
for the sample withx = 0.2 (not shown here). This extremely strong increase of the
positive magnetoresistance can be explained by assuming that the external field reduces
the field necessary to induce the full Co moment. Due to the antiparallel orientation
of the induced Co moments and the external fiélg,; the effective magnetic field
(Het = H% — Hext) acting on the Co sublattice (and giving rise to the induced d moments)
decreases. Therefore a substantial positive contributiondgp arises with increasing

Hey. Hence, external magnetic fields drive the itinerant subsystem closer to the magnetic
instability asH % ~ Hmetat Tc. For temperatures close g the spin-fluctuation scattering
contribution to the total resistivity becomes stronger than it is for ambient conditions.

The magnetic field and the external pressure modify the temperature dependences
of the resistivities in quite different ways as seen from the figures 1 and 3. While
a magnetic field mainly acts on the exchange-enhanced spin fluctuations cldge to
pressure influences the spin-fluctuation contribution to the resistivity also at more elevated
temperatures. Following the sequence= 0.2 to 0.10 one observes that theversusT
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curves become more affected by pressurerampproachesc.. Of great interest is the
measurement for the residual resistivipy taken at 1.5 K, which changes drastically.
Comparing p versusT for TmygGdy1C0o, with applied pressures above about 8 kbar
and p versusT for TmggsGdhosCOy, it is obvious that there in no longer a magnetic
order within the itinerant subsystem in the sample with= 0.1 in this higher-pressure
range. Assuming that in TgGdy1Co, the total molecular field acting on the Co sublattice
(Hf‘i‘jj = 0.9 tmcoMTm + 0.1hgacoMaq) is about 97 T [12], one gets for the critical field
for demagnetization of the Co sublattidé, ., = Hﬁ% — Hme(YC0y) ~ 27 T. Hence,
the pressure response #f,., when neglecting the pressure dependencéifﬁt, can be
estimated a® Hy,.,/d P ~ 3.4 T kbar?, which is comparable with the valué d T kbar?
found experimentally for Lu(Co, Ga)[25]. Note that, astC_?j will also decrease with
increasing pressure, the value 3.4 T kiais the upper limit fordH/../dP. For these
reasons one can understand the pronounced changgsviith pressure, as the itinerant
d subsystem may stay at least partly non-magneti@-ats Hf‘i%(P) approachesHyet,
and spin fluctuation will persist even in the ordered state (see the sequenc6.2 to
0.1 with increasing pressure). Above a certain pressure the Co sublattice will show no
long-range magnetic order even when the R sublattice is ordéfé_@j(@") < Hpet at To),
and the enhanced residual resistivity becomes a maximuga @.1 for maximum applied
pressure). Finallypo will decrease with further increasing pressure as the spin fluctuations
will become progressively suppressed (see figure 3(b) wher® P > 0 and figure 3(a)
wheredpg/d P < 0).

50 — T T T
Tml_deXCOz

40 -
~ 30 -
)

w
] 20 2
10 -
O H i [l i
0 4 8 12 16
P (kbar)

Figure 4. Pressure dependences of the Curie temperatures for the,@d,Co, system at
around the critical concentration = 0.1.

Taking the point of inflection (which corresponds to a maximumapyaT) as an
indication of the onset of the magnetic order, one can determine the pressure dependence of
Tc. TheTc-values of the Tm, Gd, Co, compounds decrease almost linearly with increasing
pressure as depicted in figure 4. The initial pressure dependentgsidic/d P, as deduced
from a linear fit to the data in the lower-pressure region,-a0e, —1.2 and—2.1 K kbar?
for x = 0.1, 0.15 and 0.2, respectively. The normalized val(®&c)oTc/0 P exhibit
an essential increase when the critical concentration for the onset of Co magnetism is
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approached. The correspondingi@eisen parameter for the TmGd,Co, compounds,
defined as

3|I"ITCN 1 0Tc
alnv ~ k,Tc P

TC_

can be calculated using a value of 0.9 Mbjafor the adiabatic compressibilitys [26].

The values thus obtained ar€;, = —61 (for x = 0.1), Q7. = —54 (for x = 0.15) and

Q7. = —53 (forx = 0.2). Note that for the RGocompounds the values @t increase

from —5 for GdCa towards—27 for ErCa [27, 28]. The value for the Gineisen parameter
increases substantially as the itinerant subsystem becomes closer to the magnetic instability.
This result represents a further confirmation that the influence of the spin fluctuations on the
physical properties is strongest when the Co sublattice is closest to the magnetic instability,
when long-range order within the localized subsystem sets in. Such a condition can be
achieved by substitution, or by applying a magnetic field or pressure.

5. Conclusion

The influence of both a magnetic field and external pressure on the resistivity has been
studied in the Tm_,Gd,Co, cubic Laves phase system near to the critical concentration of
Gd (x. = 0.1) for which long-range magnetic order in the itinerant d-electron subsystem
below Tc appears. The results can be summarized as follows.

(i) The pronounced curvature in(7) at elevated temperatures in zero field and under
ambient pressure is due to the spin-fluctuation scattering of the conduction electrons.

(ii) The substitution of Gd for Tm increases the exchange field acting on the d-electron
subsystem and thus increases the Curie temperature fronmt 4bdéudor TmCo, to 42 K
for the sample withx = 0.2. Only in the concentration range where> 0.1 is the Co
sublattice magnetically ordered.

(iii) The very large negative magnetoresistance nedictin the paramagnetic region is
due to an enhanced spin-fluctuation scattering mechanism. This enhancement is attributable
to short-range correlations among the 4f moments in combination with a strong f—d
interaction. Therefore the resistivity reveals a pronounced increage(Bj above the
Curie temperature giving rise to a characteristic minimum. This effect is most pronounced
in the vicinity of the critical concentration for the onset of long-range magnetic order in the
itinerant sublattice.

(iv) The magnetic field mainly acts on the short-range correlations within the 4f
subsystem at arouritt, resulting in a reduction of the enhanced spin-fluctuation contribution
to the total resistivity in this temperature range.

(v) With pressure the long-range magnetic order in the itinerant-electron subsystem
becomes progressively destabilized. Above 8 kbar the Co sublattice yyQap;Co,
is not ordered belowl: due to the pressure-driven increase of the critical field for the
metamagnetic transition.

(vi) The magnetic Qineisen parameter was found to increase as the critical conc-
entration was approached.

(vii) The increase of the residual resistivity in the ordered state with increasing field
for x = 0.1 and with pressure far > 0.1 indicates the destabilization of the itinerant d
moments belowl¢.
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