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Abstract

We present results of dc magnetisation study showing that the low tem-

perature antiferromagnetic state in various CeFe2-based pseudobinary alloys

can be transformed into ferromagnetic state through a magnetic field induced

phase transition. We highlight the presence of hysteresis and phase coexis-

tence across this metamagnetic transition and argue that the observed phase

transition is of first order in nature.
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I. INTRODUCTION

The interesting magnetic properties of the C15-Laves phase compound CeFe2 [1–6] and

its pseudobinaries [7–20] have been drawing almost continuous attention during last twenty

years. Most of these studies are mainly focussed on the proper understanding of the mag-

netic ground states of the parent as well as the pseudobinary compounds, and less emphasis

is given on the exact nature of the phase transitions. In a recent study [21] we have addressed

this latter question in the context of double magnetic transitions in CeFe2 based pseudobi-

nary systems. With the temperature dependent ac-susceptibility measurements we have

shown that while the paramagnetic to ferromagnetic transition (as a function of decreas-

ing temperature) is a second order phase transition, the lower temperature ferromagnetic

to antiferromagnetic transition carries the signature of a first order phase transition. The

presence of thermal hysteresis and phase coexistence across this ferromagnetic to antiferro-

magnetic transition was highlighted [21]. With the existing information [13,15,17–20] that

the lower temperature antiferromagnetic state can be reverted back to the ferromagnetic

state with the application of an external magnetic field, the question naturally arises - what

is the nature of this field induced antiferromagnetic to ferromagnetic transition ? In this

paper we address this question in details through our dc magnetisation measurements. We

shall argue that this metamagnetic transition is of first order in nature.

II. EXPERIMENTAL

We have used in the present study the same two samples – Ce(Fe,5%Ir)2 and

Ce(Fe,7%Ru)2– used in our earlier measurements [21]. Dc magnetisation is measured using a

commercial SQUID magnetometer (Quantum Design-MPMS5). We have used a scan length

of 2cm, with each scan containing 32 data points. The 2cm scan length is used to ensure

minimum sample movement in the inhomogeneous magnetic field of the superconducting

magnet. This magnetic field inhomogeneity in a 2 cm scan is about 1 Oe in an applied field
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of 20 kOe [22].

III. RESULTS AND DISCUSSION

In Fig. 1 we present magnetisation (M) versus tempearture (T) plots for the Ce(Fe,5%Ir)2

and Ce(Fe,7%Ru)2 samples obtained in an applied field of 100 Oe. The double magnetic

transitions are clearly visible and the transition temperatures are well in accord with those

obtained earlier in ac-suceptibility measurements [21]. The data shown in Fig. 1 are ob-

tained while warming up unidirectionally from low temperatures after zero field cooling.

We have also obtained data while cooling and a distinct thermal hysteresis of width 5 K is

observed across the ferromagnetic to antiferromagnetic transition. This is to be contrasted

with the relatively smaller thermal hysteresis of 2 K obtained earlier in the ac-suceptibility

measurements [21]. We note that a smaller hysteresis is expected in an ac measurement

because the ac field assists a metastable to stable state transformation.Our SQUID mag-

netometer cannot, however, monitor possible temperature lags between the sample and the

sensor - as we were able to do in our ac measurements [21]. For this reason we shall not

emphasize thermal hysteresis in this report.

In Fig. 2 we present isothermal magnetisation (M) versus field (H) plots for Ce(Fe,5%Ir)2

at various temperatures obtained after zero field cooling the sample from tempearture above

the Curie tempeature (TC ≈185K). Above 130 K the M-H plot shows the typical behaviour

of a ferromagnet, reaching technical saturation by 10 kOe at 150K. Below 80K, although

there is a small non-linearity in the low field ( H < 5 kOe) regime the character of the M-H

plots are drastically different. This we attribute to the antiferromagnetic nature of the low

temperature phase. The M-H behaviour in the T regime 130K > T > 80K, however, is quite

interesting (see Fig. 2) . While in the low field regime there is a distinct deviation from

characteristics of the higher temperature ferromagnetic state , a sharp rise in M occurs in

the high H regime indicative of a field induced ferromagnetic transition or a metamagnetic

transition. We mark the onset field of this metamagnetic transition as HM . HM is estimated
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as the field at which the M-H curve changes curvature from convex to concave, i.e. where

dM/dH shows a minimum. With the decrease in T the value of HM increases and goes

beyond the range of existing field strength (55 kOe) in our SQUID magnetometer by 60K.

We have obtained qualitatively similar results from the isothermal field dependence of

magnetisation at various temperatures for the Ce(Fe,7%Ru)2 sample measured after zero

field cooling the sample from temperature above Curie temperature (TC ≈165K). These

M-H plots are shown in Fig. 3.

We shall now focus on this metamagnetic transition, and look for signatures typically

associated with a first order phase transition, namely hysteresis and phase coexistence.The

control variable inducing the transition is magnetic field. We shall work in the temperature

regime, 80K≤ T ≤130K for Ce(Fe,5%Ir)2 and 90K≤ T ≤130K for Ce(Fe,7%Ru)2, so that

the metamagnetic transition remains clearly visible within the upper limit of our magnetic

field range. We present in Fig.4-5 M-H curves obtained in the ascending and descending

field cycles for both Ce(Fe,5%Ir)2 and Ce(Fe,7%Ru)2, showing distinct hysteresis associated

with the metamagnetic transition. A sharp rise in magnetisation accompanied by hysteresis

is traditionally attributed to the first order magnetic process [24]. However, it can still

be argued that the observed hysteresis may be the intrinsic property of the field induced

ferromagnetic state and originates from the domain wall pinning and/or freezing of domain

rotation [25]. To negate these possibilities we have measured carefully the M-H curves

for both the samples in the temperature regime where the ground state is ferromagnetic

at all H values. M-H curves in the ferromagnetic regime show negligibly small hysteresis

with the coercivity field (HC) of the order of 5 Oe. To show the contrast of the hysteresis

intrinsic to the ferromagnetic regime of these samples with the hysteresis associated with

the metamagnetic transition, in Fig. 6 we present M-H curves for Ce(Fe,7%Ru)2, measured

at T=130 K and 120K. (The ferro- to antiferromagnetic transition temperature for this

sample takes place approximately at 127 K (see Fig. 1 (b)). At T = 120K, the onset of

the metamagnetic transtion takes place at a relatively small value of HM ≈1.5kOe. The

hysteresis associated with the metamagnetic transition shows up as a distinct bubble in the
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field regime 4kOe< H <30kOe, with relative reversibility in the field regime above (see fig.5)

and below. This is to be contrasted with the M-H curve at T=130K which is quite reversible

(in the same scale) for all H values of measurement (see Fig.6). We have also checked the

field history dependence of the hysteresis associated with the metamagnetic transition by

cycling the field isothermally (after initial zero field cooling) more than once between zero

and the maximum applied field (50 kOe). Unlike in the case of ferromagnetic hysteresis

loops, no virgin curve is observed here, and the obtained hysteresis loop in the first field

cycle is reproduced in all the subsequent cycles.

While the hysteresis associated with the ferromagnetic state is relatively small and does

not change much in the temperature regime 130K< T <160K ( measured but not shown here

for the sake of conciseness ), the hysteresis associated with the metamagnetic transition is

observed below 130K and grows relatively rapidly with the decrease in T. It should be noted

here that at T = 80K for Ce(Fe,5%Ir)2 and at T = 90K for Ce(Fe,7%Ru)2 the formation of

the higher field ferromagnetic state is probably not completed by 50 kOe, and accordingly

the magnetisation and the associated hysteresis has not reached its saturation (see Fig. 4

and 5).

After establishing the hysteretic nature of the metamagnetic transition, we shall now look

for the phase coexistence in the transition region. To study the phase co-existence we use the

technique of minor hysteresis loops (MHLs) [21,26]. We shall first define the hysteretic M-H

curve obtained by isothermal field cycling between 0 and Hmax = 50 kOe as the ‘envelope

curve’. The field increasing curve (0 to 50 kOe) corresponds to the antiferromagnetic phase

transforming to the ferromagnetic phase,with the antiferromagnetic phase persisting as a

metastable phase over some field region. Similarly the field decreasing (50 kOe to 0) curve

corresponds to the ferromagnetic phase transforming to the antiferromagnetic phase with

the ferromagnetic phase persisting as a metastable phase over some field region. We can now

generate an MHL during the ascending field cycle i.e. start increasing H from the lower field

reversible (antiferromagnetic) regime and then reverse the direction of change of H before

reaching the higher field saturation magnetisation regime. We can also produce an MHL in
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the descending H cycle i.e. start decreasing H from the saturation magnetisation regime and

reverse the direction of change of H before reaching the low H antiferromagnetic regime. We

show in Fig. 7 and 8 examples of these MHLs in Ce(Fe,5%Ir)2 and Ce(Fe,7%Ru)2 samples.

At field values close to HM on the ascending field cycle, the high field ferromagnetic phase

is not expected to be formed in sufficient quantitiy, and complete transformation occurs only

at much higher fields. When we initiate an MHL from a field close to HM , this partially

formed ferromagnetic phase ‘supercools’ and persists as a metastable phase. We see only

small amount of hysteresis as H is lowered from field values close to HM (see inset of fig. 7(a)

and 8(a)). At fields well above HM a much larger fraction (close to 100%) of the sample has

transformed to the ferromagnetic phase. When we now lower H and initiate an MHL, the

entire sample ‘supercools’ in the ferromagnetic phase, and the hysteresis observed should

be much larger. This is brought out in figures 7 and 8 where MHLs initiated from field

values well inside the hysteretic regime coincide with the upper envelope curve, indicating

that the high field ferromagnetic phase has formed in sufficient quantities. To show further

evidence of supercooling of the high field phase, in fig. 9 we show MHLs at H = 2kOe

drawn from the lower envelope curve and at H = 1.6kOe drawn from the upper envelope

curve of the Ce(Fe,7%Ru)2 sample at T = 110K. These field values are chosen such that the

lower and upper envelope curves have the same magnetisation value. Note that H= 2 kOe

is lower than the estimated HM ≈4 kOe and accordingly the MHL drawn from the lower

envelope curve shows almost no irreversibility.The high field ferromagnetic phase is thus not

yet formed. On the other hand the MHL drawn from the upper envelope curve at a lower

field value of 1.6 kOe shows distinct irreversibility. This clearly shows that the high field

phase persists (as a metastable ‘supercooled’ phase) in this field regime in the descending

field cycle. Similar results exist for the Ce(Fe,5%Ir)2 sample also, but not shown here for

the sake of conciseness.

It is to be noted here that the low field magnetic response of the low temperature

(supposedly) antiferromagnetic state for both the samples is quite non-linear in nature (see

Fig. 2 and 3). This behaviour definitely points out the presence of some ferromagnetic
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correlation in this low temperature phase. While it was pointed out earlier that such a

behaviour probably arose due to an impurity ferromagnetic phase [20], an intrinsic origin

of such a behaviour cannot be ruled out entirely [19]. Careful microscopic measurements (

like neutron diffraction and/or Mossbauer measurements ) are now necessary to resolve this

problem of the CeFe2-based pseudobinaries.

IV. CONCLUSION

Summarising our results we say that the field induced antiferromagnetic to ferromagnetic

transition in Ce(Fe,5%Ir)2 and Ce(Fe,7%Ru)2 samples is accompanied by field hysteresis as

well as phase coexistence. These are the typical characteristics of a first order transition.

Hence we argue that the observed metamagnetic transition in these CeFe2 based pseu-

dobinaries is a first order transition. The present study compliments our earlier study of

temperature variation in the same systems, and establishes the existence of a first order

ferromagnetic to antiferromagnetic phase transition in the CeFe2 based systems in a more

general H-T plane.

7



REFERENCES

[1] Buschow K H J, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North-Holland,

Amsterdam, 1980) Vol.1.

[2] Deportes J, Givord D and Ziebeck KRA, 1981, J. Appl. Phys. 52 2074.

[3] Kennedy SJ, Brown PJ and Coles BR, 1993, J. Phys.:Condens. Matter, 5 5159.

[4] Cooper MJ et al, 1996, Phys. Rev. B54, 4068.

[5] Paolasini L et al, 1998, Phys. Rev.B58 12117.

[6] Caciuffo R et al, 1999, J. Appl. Phys. 85, 6229.

[7] Franceschini DF and Da Cunha SF , 1985, J. Magn. Magn. Matr. 52 280.

[8] Rastogi AK and Murani AP,1987,in Theoretical and Experimental Aspects of Valence

Fluctuations and Heavy Fermions edited by L. C. Gupta and S. K. Malik (Plenum, New

York) p437.

[9] Roy SB, Kennedy SJ, Coles BR, 1988, J. Phys. Colloq. C8 271.

[10] Rastogi AK, Hilscher G, Gratz E and Pillmayr N, 1988, J. Phys. Colloq. C8 277.

[11] Roy SB and Coles BR, 1989, J. Phys. :Condens Matter,1, 419.

[12] Roy SB and Coles BR, 1989, Phys. Rev. B39, 9360.

[13] Kennedy SJ, Murani AP, Cockcroft JK, Roy SB and Coles BR, 1989, J. Phys. :Condens

Matter, 1 629.

[14] Kennedy SJ and Coles BR, 1990, J. Phys. :Condens Matter 2 1213.

[15] Ali N and Zhang X, 1992, J. Phys. :Condens Matter 4 L351.

[16] Mukherjee S, Ranganathan R and Roy SB, 1994, Phys. Rev. B50, 1084.

[17] Radha S, Roy SB, Nigam AK and Chandra G, 1994, Phys. Rev. B50, 6866.

8



[18] Wang D, Kunkel HP and Williams Gwyn, 1995, Phys. Rev. B51, 2872.

[19] Kunkel HP, Zhou XZ, Stampe PA, Cowen JA and Williams G, 1996, Phys. Rev. B53

15099.

[20] Rajarajan AK, Roy SB and Chaddah P, 1997, Phys. Rev. B56 7808.

[21] Manekar M, Roy SB and Chaddah P, 2000, J. Phys.:Condens. Matter, 12 L409.

[22] Quantum Design Technical Advisory Note No. 1, 1989.

[23] Bean CP and Rodbell DS, 1962, Phys. Rev. 126 104.

[24] Canfield PC et al, 1997, Phys. Rev. B55 970; Campbell AJ, MckPaul D and McIntyre

GJ, 2000, Phys. Rev. B61 5872.

[25] Chikazumi S, 1997, Physics of Ferromagnetism (Oxford Science Publications).

[26] Roy SB and Chaddah P, 1997, Physica C279 70.

9



FIGURES

FIG. 1. Magnetisation versus temperature plots for (a) Ce(Fe,5%Ir)2 and (b) Ce(Fe,7%Ru)2

FIG. 2. Magnetisation versus field plots for Ce(Fe,5%Ir)2 at various temperatures. The arrows

mark the onset field HM of the metamagnetic transition. The line for the M-H curve at T=100K

serves as a guide to the eye.

FIG. 3. Magnetisation versus field plots for Ce(Fe,5%Ir)2 at various temperatures. The onset

field HM of metamagnetic transition is marked by arrows.The line for the M-H curve at T = 100K

serves as a guide to the eye.

FIG. 4. M-H curves for Ce(Fe,5%Ir)2 showing hysteresis associated with the metamagnetic

transition. The arrows show the direction of field change.

FIG. 5. M-H curves for Ce(Fe,7%Ru)2 showing hysteresis associated with the metamagnetic

transition. The arrows show the direction of field change.

FIG. 6. M-H curves for Ce(Fe,7%Ru)2 at temperatures 120K and 130K. See text for details.

FIG. 7. Minor hysteresis loops generated during (a) ascending field cycle for Ce(Fe,5%Ir)2 at

H = 20kOe (open triangle), H = 26kOe (open circle), H = 35kOe (solid triangle) and H = 42.5kOe

(solid circle) . (b) descending field cycle for Ce(Fe,5%Ir)2 at H = 40kOe (open square) and H =

45kOe (solid triangle). The envelope curve is represented by solid squares. The measurements

were done at T = 85K. Inset shows the expanded view.

FIG. 8. Minor hysteresis loops generated during (a) ascending field cycle for Ce(Fe,7%Ru)2 at

H = 4kOe (open triangle), H = 10kOe (open circle) and H = 20kOe (open square). (b) descending

field cycle for Ce(Fe,7%Ru)2 at H = 8kOe (open square) and H = 22kOe (open circle). The

envelope curve is represented by solid squares. The measurements were done at T = 110K. Inset

shows the expanded view.
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FIG. 9. Comparison of minor hysteresis loops generated during ascending field cycle (H =

2kOe - open circle) and descending field cycle (H = 1.6kOe - open triangle) at approximately same

value of magnetisation for Ce(Fe,7%Ru)2 at T=110K. The envelope curve is represented by solid

squares.See text for details.
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