Magnetic and electrical studies on Ho0.85Tb0.15Fe2−x Ni x system
M. Senthil Kumar, K. V. Reddy, and K. V. S. Rama Rao
Citation: Journal of Applied Physics 74, 5112 (1993); doi: 10.1063/1.355287
View online: http://dx.doi.org/10.1063/1.355287
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/74/8?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Magnetic force microscopy study of magnetically annealed Tb 0.36 Dy 0.64 ( Fe 0.85 Co 0.15 ) 2
polycrystals
J. Appl. Phys. 107, 09A934 (2010); 10.1063/1.3357402
Magnetostriction and magnetomechanical coupling in Ho0.85Tb0.15Fe2−x Co x system
J. Appl. Phys. 70, 4450 (1991); 10.1063/1.349101
Ferromagnetic resonance studies on Ho0.85Tb0.15Fe2H x and Dy0.73Tb0.27Fe2H x systems
J. Appl. Phys. 68, 1394 (1990); 10.1063/1.346695
Investigation of magnetic and electrical properties of the Ho0.85Tb0.15Fe2−x Co x system
J. Appl. Phys. 68, 259 (1990); 10.1063/1.347160
5 7Fe Mossbauer studies on Ho0.85Tb0.15Fe2H x and Dy0.73Tb0.27Fe2H x
J. Appl. Phys. 67, 424 (1990); 10.1063/1.345275

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
144.32.240.69 On: Thu, 04 Dec 2014 03:33:03

Magnetic and electrical

studies on Ho0,85Tb0.15Fe2,,Ni, system

M. Senthil Kumar, K. V. Reddy, and K. V. S. Rama Raoa)
Magnetism and Magnetic Materials Laboratoty, Department of Physics, Indian Institute of Technology,
Madras 600 036, India

(Received 4 January 1993;acceptedfor publication 21 June 1993)
Cubic Laves phase alloys of Hoo.ssTbo.1sFe2-XNiX
(O<x<2) were prepared and the lattice
parameters,evaluated as a function of x at room temperature, show deviation from Vegard’s
law. This was attributed to the presence of a magnetovolume effect and charge transfer.
Magnetization measurementswere performed in the temperature range 77-700 K. The results
suggest that the system undergoes a gradual transition from ferri- to ferromagnetic with
increasingx. This has been explained.basedon the 3d band model. Furthermore, a monotonic
decreasein Curie temperaturewith x was observed.Electrical resistivity studieswere carried out
in the temperature range 16-700 K. An anomaly was found in the vicinity of the Curie
temperature for x=2 which has beenattributed to the existenceof the long-rangenature of the
critical fluctuations due to short-range spin ordering.

I. INTRODUCTION

R&TM (where RE denotes rare earth and TM denotestransition metal) alloys find extensiveapplications as
magnetostrictive materials, permanent magnets, etc.I3
Studies on these alloys are essentialin understanding the
nature of interactions which play a crucial role in determining various magnetic properties.Among these,RETMz
systemswith Fe, Co, and Ni form excellent tools for the
study of d magnetism. A greater understandingof the nature of the magnetic interactions can be obtained by studying the changesin magnetic propertiesoccurring when one
TM is gradually replaced by another TM without change
in the crystal structure. The 3d electrons in these systems
are itinerant in nature and therefore the formation of a 3d
band takes place:,5 By changing the composition, the
Fermi level can be varied and the position of this level
determinesthe magnetic moment on the TM site. Neutrondiffraction results showedthat, in RETM, systems,Fe carries a magnetic moment, Ni does not, whereasCo has an
induced moment.- These studies also confirmed that
REFe2 and RECoZ are ferrimagnetic and RENiz is ferromagnetic. Electrical resistivity measurementsnear the Curie temperature TC in thesesystemsare extremely sensitive
to the nature of the magnetic interactions.
Among the KETM2, REFe2 systemsexhibit magnetostriction an order of magnitude larger than any other material known at present. These systemsare found to have
large magnetic anisotropy and, therefore, high magnetic
fields are required to saturate the materials. Clark and
Belson’ and Koon et al. lo have found that the anisotropycompensated Dy0,73Tb0.27F~and Ho,,s5Tbo.t5Fe,alloys
possesslow magnetic anisotropy still retaining large magnetostriction which can be used for practical
applications.ia2In our laboratory, studies on the substitution at the Fe site and interstitial hydrogen have beencarried out extensively. Investigations on the effect of Co in
thesetwo alloys on the magnetic, magnetomechanical,and
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electrical properties gaveinteresting results.“-‘3 The effect
of interstitial hydrogen on the magnetic and electrical
properties in these systemsalso has been investigated.‘“‘6
In this article we present the results of the effect of Ni in
Ho0.s5Tb0t5Fe2 on the lattice parameter, magnetization,
and electrical resistivity.
II. EXPERIMENT

The sampleswere preparedby melting the constituent
elements, Ho and Tb of purity 99.9% and Fe and Ni of
purity 99.99%, in an arc furnace under argon atmosphere.
Meltings were carried out severaltimes and each time the
melted ingots were turned upside down to ensurehomogeneity. Weight lossesafter final melting were lessthan 0.6%
for all the samplesprepared. The samples were then annealed in evacuatedquartz tubes at 1170 K for 10 days.
Powder-x-ray diffractograms were taken using Co Ka
radiation and the lattice parameters were evaluated by
least-squares refinement. Magnetization measurements
were performed using a PAR 155 vibrating sample magnetometer up to an applied field of 10 kOe. Temperature
variation from 77 K to room temperature (RT) was carried out by the continuous-flow method using liquid nitrogen and an oven assemblywas used to achieve high temperatures.Temperatureswere maintained within + 1 K.
Electrical resistivity p measurementswere carried out
using a four-probe technique.” Samplesfor the measurements were initially cut from the ingots using a diamond
cutter and then brought to the shape of disks of approximately 6 mm diameter and 1 mm thickness after polishing.
Then the sampleswere reannealedat 1000K for 24 h. For
carrying out measurementsat low temperatures, the four
contacts were made on the flat surface of the sample using
silver paste. For high-temperature experiments, pressure
contacts using platinum tips were employed. A constantcurrent sourcedelivering 90 mA and a Keithley 181 nanovoltmeter were employed for measuring electrical resistivity.
Measurementswere carried out down to 16 K using a
Leybold closed-cycle helium refrigerator. Experiments
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FIG.
1. Variation
of lattice parameter with x at RT of
Ho,,~Jb~,~F~~~i~
The “Vegard” lattice parameter for x=0 is calculated from the data taken from Ref. 18.

were conducted by keeping the sample in a helium exchange gas chamber. A silicon diode sensor was used for
measuringthe sampletemperature and another diode tied
to the cold-headsecondstage was utilized by the Leybold
LTC 60 low-temperature controller for the purposeof controlling the temperature. Temperatures were maintained
within f 0.1 K. High-temperature measurementswere also
carried out in a helium exchange gas atmosphere. A
Chromel-Alumel thermocouple was used as the temperature sensorand a resistancefurnace for attaining high temperatures, Temperatureswere maintained within rf 1 K.
Ill. RESULTS AND DISCUSSION

Samplesof Hoo.ssTbo.,,Fe;?-,Ni, with x=0, 0.5, 1.0,
1.5, and 2.0 were prepared and the formation of single
Cl5type cubic Laves phasewas confirmed from the x-ray
diffractograms. Lattice parameters evaluated at RT from
the diffractograms decreasewith increasing Ni concentration as shown in Fig. 1. The ionic radius of Ni is smaller
than Fe. If the size effect alone is taken into account, the
variation of lattice parameter should follow Vegard’s
law. However, a nonlinear behavior is observed in
the present system. Similar variations of lattice
parameters were reported earlier on RE(Fet -.&o,)~ and
Y(Fet-,Co&. 11,12,18
The deviation from linearity can be due to two different mechanismsoccurring in the present system: They are
the magnetovolumeeffect and the charge transfer.
In 3d transition metals and their alloys, the volume in
a magnetically ordered state is larger than that in a paramagnetic state. This is due to the presenceof the magnetovolume effect (MVE), which plays a crucial role in determining the lattice parameters of the samples in the
magnetically ordered state.19In RETM, systemswith Fe,
Co, and Ni, band formation takes place due to the itinerant

nature of the 3d electrons. The splitting of bands in the
magnetically ordered state is responsiblefor this volume
expansion,whereas,the bands are unsplit in the paramagnetic state. In the present system, the sampleswith x=0,
0.5, and 1.0 are ferrimagnetic at RT and therefore the
MVE is expectedto be present.
On the other hand, it is well known that there is a
charge transfer taking place from RE to the 3d band in
theseRETM, systems.4’5The variation of lattice parameter
with x can also deviate from linear behavior, if the charge
transfer taking place is not uniform throughout the Ni
concentration.
The role of MVE in Y ( Fe1J!oJ2 was observedby
Eriksson et al. I8 They have estimated the hypothetical
paramagneticlattice parameters,as predicted by Vegard’s
law, for Y ( Fe1-,Co,) 2 as a function of x. The experimentally observeddata lie well above the estimated values in
the Fe-rich region and the differencebecomessmaller with
increasing x and a good agreement is reached for x=2,
being paramagnetic. A volume expansionof 3.5% of that
of a hypothetical paramagnetic state for YFe, zero for
YCoz, and intermediate for other concentrations are obtained from the calculated d pressuredue to the band magnetism of the 3d electrons. A reasonablygood fit between
experiment and theory has been obtained indicative of the
dominant role played by the MVE.
Due to the strong similarity of Y to the rare earths, the
3d band in REFe2is the sameas that in YFe, and the effect
of the additional RE-3d interaction is only to split the up
and down spin bands more.=’ Therefore, the MVE in
REFe2will be equal to or greaterthan that in YF%. Hence,
it can be assumedthat the same percentageof increasein
the lattice parameter of YFe, occurs in the present system
as well. Thus, the hypothetical paramagnetic volume for
Hoo,a5Tbo.15Fe2
is representedin Fig. 1 by an open circle.
The dashed line joining x=0 and 2 is the variation of
lattice parameter as predicted by Vegard’s law. It can be
seenthat, for .x= 1.5, the lattice parameter deviates from
Vegard’s law, even though the sample is paramagnetic at
RT. This suggeststhat the effect of nonuniform charge
transfer is also possiblein the present system.
Magnetization as a function of applied field at RT is
shown in Fig. 2. Temperaturevariation of magnetizationat
an applied field of 10 kOe from 77 to 700 K for various Ni
concentrations is as shown in Fig. 3. The inset shows the
magnetization at an applied field of 10 kOe as a function of
x at RT and 77 K.
The nature of variation of the magnetic moment of the
TM sublattice was explainedbasedon a band model due to
the itinerant nature of the 3d electrons.415
This model considers the 3d band as rigid and that charge transfer takes
place from the RE to the common 3d band. From the
earlier investigations,it was concludedthat the Fermi level
in the REFe2 system lies in the vicinity of the maximum of
the density of states (DOS) at the spin-up sub band and at
the minimum of the spin-down sub band, and therefore Fe
has an intrinsic moment. In RECo2, the spin-up sub band
is completely filled and the spin-down sub band is partially
filled, and a large exchange field exists due to the RE,
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FIG. 2. Variation of magnetization as a function of applied magnetic field for various Galuea of x at RT of HoO~sSTbo,lsF~~~i~

resulting in an induced magneticmoment on the Co. In the
RENi, system, the Fermi level is situated at the top of the
3d band wherethe DOS for both up and down spins is very
small and so the band is completely filled. Consequently,
Ni does not possess a magnetic moment. Neutrondiffraction results and band-structure calculations carried
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FIG. 3. Temperature variation of magnetization at an applied field of 10
kOe for various x of Ho~,~~T~~,,,F~,,~~~ The inset shows the magnetization at au applied field of 10 kOe as a function of x at RT and 77 K.
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out on REFq, RECo,, and RENi, confirmed the band
,,del~6,7,~,20
When Fe is gradually replacedby Ni, progressive6lling up of the 3d band takes place which will lead to a
decreasein the magnetic moment of the TM sublattice.
SinceREFe2is ferrimagnetic and the RE moment is higher
than the Fe moment, the reduction in the moment of TM
sublattice will cause an increase in the net moment per
formula unit with X. It can be seenfrom Fig. 3 that there
is a crossoveroccurring for x=0.5 and 1.0and at 77 K the
magnetization for the samples with x=0.5-1.5 is almost
the same which is a situation different from that at RT.
The increasingsteepnessof the curves, for x=&1.5, below
T, with increasingx, suggeststhat the crossoverfor higher
x will occur at lower temperatures. Similar observations
were reported in RE( Fe, --xCo,) 2 systems.““2
Figure 4 shows the Tc values determined from magnetization measurements.The value of T, for x=2 was
obtained from the weighted averageof the Tc values of
HoNi, and TbNi, from the data of Buschow. As seen
from the figure, the gradual replacementof Fe by Ni leads
to a progressivedecreasein Tc with x. It is evident that the
Tc valuesof RENi, systemsare very small due to the weak ,
RE-RE interactions.’ Mijssbauer results showed that even
the presenceof 2 wt % of enriched 57Fein GdNi, raised
the ordering temperatureby as much as 40 K, which implies that the effect of Fe on the exchangeinteractions is
very strong.21The rapid fall in T, with x also confirms that
the TM-TM and RE-TM interactions are decreasingat a
faster rate. The smoothnessof the T, vs x curve indicates
that the transition from ferri- to ferromagnetic state, with
increasingn, is gradual. A similar decreasein Tc was observed in Dy(Fq-,NiJ2
and Tbo.JVo.7(Fel-&J
1.9
systems.22’23 In the caseof RE(Fe,-,CO,)~ systems,an initial increasein Tc was observedup to x =0.25 and then it
decreases.“V12Y24
Due to the existenceof induced moment
Kumar, Reddy, and Rama Rao
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FIG. 4. Curie temperature as a function of x obtained from magnetization
and resistivity measurements of HoessTb,,l,Fea,_~ix. The value for x=2
is taken as the weighted average of the Tc values of HoNi, and TbNi,
from Ref. 4.

on Co, the fall in Tc with x is rather slow when compared
with the present system.
The temperaturevariation of p is shown in Fig. 5. The
inset shows the data for x=2 in the temperature range
16-50 K. The increasein p with increasingtemperaturefor

all x suggeststhat all the samplesexhibit metallic behavior.
I’, values obtained from the resistivity measurementsare
also shown in Fig. 4 along with those from the magnetization data. The values of Tc obtained from both measurements are in good agreement.
An anomaly in the form of a minimum is observed
near Tc ( -23 K) for x=2. Kawatra et al. have observed
similar results in the caseof GdNi2.25V26
In their p-T plot,
p increaseswith increasingtemperatureup to T, a change
of slope occurs at Tc with a flat region extendedto approximately 10 K aboveTC, and a linear increasewhen the
temperatureis raisedfurther. A sharp discontinuity at T,
in the dp/dT vs T curve was observed.This behavior was
attributed to the role of the long-rangenature of the critical
fluctuations due to the short-range spin ordering in the
framework of the molecular-field theory just above TC27
The model considersthe effect of s-f exchangeinteraction
betweenthe conduction and the localized f electrons on
the electrical resistivity near the magnetic transition. This
interaction is responsiblefor the ordering of the 4f moments of the rare earth and the fluctuations occurring
when the sampleundergoesa transition from para- to ferromagneticstate are responsiblefor the anomaly observed.
They were able to give a good theoretical fit to the experimental data above Tc which suggestedthe essentialcorrectnessof the molecular-field treatment of these fluctuations. According to the theoretical treatment, these
fluctuations should lead to a positive slopebelow Tc and a
negativeslopejust above T, in the p-T curve. Since the
Tc is around 75 K for GdNi2, the existenceof electronphonon interaction smooths the divergenceand the negative slopecould not be observed.In our measurementsthe
observationof a minimum was possiblebecauseof the relatively low Tc where the electron-phononinteraction is
expected to be very small. The disappearanceof critical
fluctuations due to the developmentof complete ordering
will lead to a decreasein p with decreasingtemperature.
This was not observeddue to the lack of data below 16 K.
For x < 2, the Fe-Fe interaction is stronger and, therefore,
the large molecular field producedby the exchangeordering of the Fe spins is responsiblefor the rare-earth spin
ordering which results in the high Curie temperaturesas
discussedearlier.6Thus, the magnitudeof the s-f interaction is negligiblein thesecases.
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