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Abstract To understand the mechanism of first-order

magnetic phase transition in ordered FeRh thin films, the

magnetic properties and first-order antiferromagnetic

(AFM)–ferromagnetic (FM) phase transition behavior of

single-crystal FeRh thin film are investigated in detail. The

first-order magnetic phase transition is seen at a tempera-

ture of around 120 �C during heating and 145 �C cooling

processes in perpendicular direction. The M–H loops

measured isothermally amidst the AFM–FM transition

regime show an opening at high magnetic field, which

indicate a reversible AFM–FM transition induced by

magnetic field. The clusters of the FM phase nucleate in the

AFM matrix heterogeneously and vice versa during the

first-order phase transition and the mechanism of nucle-

ation and growth kinetics of the first-order magnetic phase

transition in ordered FeRh thin film is quite similar to that

of the crystallization of solids described by the Avrami

model.

Introduction

First-order phase transition has received much attentions

due to not only fundamental physics but also its potential

application [1–4]. It has been known for a long time that a

bulk FeRh alloy exhibits a first-order magnetic phase tran-

sition between antiferromagnetic (AFM) state and ferro-

magnetic (FM) state upon heating or under high pressure

[4]. The Curie temperature of ferromagnetic phase in FeRh

alloy is around 410 �C. Because of the unique nature of

such a magnetic phase transition, this alloy system has been

widely studied for various physical properties for thin films

and bulks. Among them, magnetic properties and structures

are noteworthy mentioning. Further studies found that this

transition is accompanied by a unit cell volume expansion

of 1–2%, a reduction in resistivity, and a large change in

entropy [4–6]. This opens up interesting possibilities for

technological applications such as heat-assisted magnetic

recording and microelectromechanical system devices

[6–8]. However, the physical mechanism of this first-order

AFM/FM phase transition in ordered FeRh-based thin films

is still not very clear. To further understand the mechanism

of first-order AFM/FM phase transition in ordered FeRh

thin films, the magnetic properties and first-order phase

transition behavior of single-crystal FeRh thin film are

investigated in detail in this article.

Experimental

Single-crystal FeRh thin film with a thickness of around

100 nm was fabricated onto MgO(100) substrates using

sputtering from Fe50Rh50 alloy target. The substrate tem-

perature during deposition was kept at around 450 �C. The

base pressure of the chamber was around 1 9 10-8 Torr.
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The structural analysis of the films was performed by X-ray

Diffractometer (XRD) using Cu Ka radiation and magnetic

properties were carried out using a vibrating sample mag-

netometer (VSM) in fields up to 15 kOe.

Results and discussions

Figure 1a shows XRD patterns (h–2h) of FeRh thin film.

The (001) superlattice peak and (002) fundamental peak of

ordered FeRh phase are clearly observed and this result

indicates that the (001)-oriented FeRh thin film was suc-

cessfully fabricated on MgO (100) substrate. The other

peaks with no indication in Fig. 1a come from the MgO

(100) substrate. Furthermore, the /-scan diffraction, as

shown in Fig. 1b, confirms that the film exhibits a four-fold

symmetry in the film plane, indicating that the film is of

single-crystalline structure.

Figure 2 shows the temperature-dependent magnetiza-

tion curves (M–T) for FeRh thin film with an applied

magnetic field of 15 kOe in the direction of both perpen-

dicular and parallel to film plane. The heating rate and

cooling rate are both of 2 �C/min. Herein, We define the

transition temperature, Ttr, as the temperature at half

change of the magnetization. A sharp rise in magnetization

slightly above 120 �C during heating in both directions

indicates the onset of the first-order AFM to FM phase

transition in FeRh single-crystal thin film. At around

140 �C, the magnetization gets saturation. The saturated

magnetization is about 1370 emu/cc in perpendicular

direction and during cooling the onset of the FM to AFM

phase transition takes place at temperature slightly below

145 �C in perpendicular direction and 130 �C in parallel

direction. It is also seen that the transition temperature (Ttr)

in perpendicular direction is higher than that of parallel

direction in both heating and cooling processes. This is

most likely due to the appearance of the self demagneti-

zation field encountered when the magnetization is per-

pendicular to the field which tends to retain the formation

of the ferromagnetic phase. In addition, the temperature-

dependent magnetization shows a hysteresis across the

transition. This result confirms the first-order nature of

the AFM/FM phase transition in FeRh thin film. Hysteresis

across a first-order phase transition occurs due to the

supercooling and/or superheating of the parent phase in the

product matrix across the transition.

Figure 3 shows temperature-dependent M–H loops

measured in the parallel direction of the film plane during

the phase transition of FeRh thin film in both heating and

cooling processes. Between each measurement the applied

magnetic field is fixed to 15 kOe while temperature is

changed. The hysteresis loops at the middle of transition

show an obvious opening at high magnetic field which is

close to saturation field. Note that there is no opening in

M–H loops at the beginning of AFM–FM phase transition

and the opening disappears when AFM phase has trans-

formed to FM phase in FeRh thin film during heating. For

the case of cooling, it gives similar results. Figure 4 shows

Fig. 1 XRD patterns (h–2h) of

FeRh thin film

Fig. 2 Temperature-dependent magnetization curves (M–T) for FeRh

thin film with an applied magnetic field of 15 kOe in the direction of

both perpendicular and parallel to film plane
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the M–H loops of FeRh thin film measured at 140 �C

during heating with different applied magnetic field ranges

from 2.5 to 15 kOe. An opening in hysteresis loops can

also be observed when the applied magnetic field is larger

than 5 kOe. It is interesting to see that with increasing

applied magnetic field from 5 to 15 kOe, the opening

becomes larger. The dependence of opening in hysteresis

loops on applied magnetic field and temperature indicates a

reversible AFM–FM phase transition in FeRh thin film.

The origin of this opening is most possible due to the

magnetic-field-induced AFM–FM phase transition in FeRh

thin film [5].

Having established the presence of lattice expansion and

hysteresis across the transition, we focus on another sig-

nature of a first-order transition which is the existence of

metastable states. The signature of metastable states can be

experimentally observed by measuring the time dependence

of a physical quantity intrinsic to the sample which is rel-

evant to the phase transition. In this case, we measure the

time dependence of magnetization at a fixed temperature in

a fixed field using the VSM. Figure 5 shows the normalized

magnetization M as a function of time during heating cycle

for FeRh sample. The sample was heated up to 130 �C from

a temperature well below those values where the magneti-

zation is reversible. The magnetization was then measured

as a function of time immediately after the temperature was

stabilized. The normalization of M is carried out with

respect to M0, which is the magnetization value at the first

measurement point after reaching 125 �C (i.e., at t = 0).

The time-dependent magnetization follows a saturating

Fig. 3 Temperature-dependent

M–H loops measured in the

parallel direction of the film

plane during the phase transition

of FeRh thin film in both

heating and cooling processes

Fig. 4 M–H loops of FeRh thin film measured at 140 �C during heating with different applied magnetic field ranges from 2.5 to 15 kOe
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exponential law and can be very well fitted with the fol-

lowing equation: M=M0 ¼ M1 � A � exp �t=sð Þ; where

M? is the saturated magnetization, A is a constant, and s is a

relaxation time. The magnetization changes toward a higher

value which clearly indicates the presence of a metastable

(superheated) AFM phase relaxing toward the stable FM

phase, and then it tends to be exhausted. This behavior

could arise for the case of an AFM to FM transition when

the nucleation is heterogeneous. By imaging the AFM to

FM transition on a sub-micron scale in FeRh-based alloy

using magnetic force microscopy [9], it has been shown the

nucleation of the FM phase in the AFM matrix. Nucleation

of the FM phase across the AFM to FM transition has been

shown in various cases at different length scales (see

[10–12]) highlighting the generality of the phenomenon.

So, it can be believed that the clusters of the FM phase

nucleate in the AFM matrix and vice versa during the first-

order AFM–FM phase transition in ordered FeRh thin film.

Figure 6 shows the dependence of |dM/dT| upon tem-

perature in parallel direction for FeRh thin film. The data is

taken from Fig. 2. Here, the value of saturated magneti-

zation at a particular temperature was directly taken as a

measure of phase fraction of the FM phase. Therefore, the

nucleation and some aspects of the growth kinetics of

magnetic domains during AFM/FM phase transition in

FeRh thin film can be analyzed. From Fig. 6, it can be seen

that during heating process, the value of |dM/dT| shows an

initial increase with rise in temperature and then drops with

a further rise in temperature. This probably indicates that

the initial part of the transition, while heating, is dominated

by the creation of new FM nuclei and in the later stages

these nuclei merge to grow into the product FM phase. The

maximum peak in the temperature dependence of |dM/dT|

thus indicates the maximum growth rate of the product

phase. The same discussion probably applies to the tem-

perature dependence of |dM/dT| during cooling, where the

initial nucleation is dominating over the subsequent

growth. The initial part of the cooling appears to be

dominated by the creation of new AFM nuclei and later

these AFM nuclei coalesce to form the low-temperature

AFM phase (result in a rapid fall of magnetization). The

results of Fig. 6 indicate a nucleation and growth mecha-

nism quite similar to that of the crystallization of solids

described in the Avrami model [13]. From the results of

local imaging presented for field-induced transitions in the

case of CeFe2 [11]- and Gd5Ge4-based alloy systems [12],

the nucleation and growth processes appear to closely

follow the assumptions of the Avrami model. It is believed

that similar nucleation and growth processes take place

across the first-order phase transition in the case of FeRh

thin film under consideration.

Interestingly, there is a shoulder at low temperature side

during FM to AFM transition upon cooling in FeRh thin

film. This feature is also observed in FeRh thin film grown

on Al2O3 (0001) single crystalline substrate during FM to

AFM transition upon cooling [5], but the origin is still not

clear.

Conclusions

The magnetic properties and first-order phase transition

behavior of single crystal FeRh thin film are investigated in

detail in this article. The first-order magnetic phase tran-

sition is seen at a temperature of around 120 �C during

heating and 145 �C cooling process in perpendicular

direction. The transition temperatures in perpendicular

direction is higher than that of parallel direction, which is

most likely due to the arise from the self demagnetization

Fig. 5 Normalized magnetization M as a function of time during

heating cycle for FeRh sample

Fig. 6 Dependence of |dM/dT| upon temperature for FeRh thin film
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field encountered when the magnetization is perpendicular

to the field which tends to retain the formation of the fer-

romagnetic phase. The M–H loops measured isothermally

amidst the AFM–FM transition regime show an opening at

high magnetic field, which indicate a reversible AFM–FM

transition induced by magnetic field. The clusters of the

FM phase nucleate in the AFM matrix heterogeneously and

vice versa during the first-order phase transition in ordered

FeRh thin film. The mechanism of nucleation and growth

kinetics in the first-order magnetic phase transition of FeRh

thin film is quite similar to that of the crystallization of

solids described by the Avrami model.

Acknowledgements The present study was supported by National

Natural Science Foundation of China (Grant No. 50901052). The

authors also would like to thank the partial support from the Japanese

Storage Research Consortium, the Grant-in-Aid for Scientific

Research (A) (# 14205049) by the Japanese Ministry of Education,

Culture, Sports, Science and Technology.

References

1. Zhang J, Heitmann AA, Alpay SP, Rossetti GA (2009) J Mater

Sci 44:5263. doi:10.1007/s10853-009-3559-8

2. Lee CT, Zhang MS, Yin Z (2008) J Mater Sci 43:2675. doi:

10.1007/s10853-007-2436-6

3. Szymczak R, Czepelak M, Kolano R, Kolano-Burian A,

Krzymanska B, Szymczak H (2008) J Mater Sci 43:1734. doi:

10.1007/s10853-007-2400-5

4. Kouvel JS (1966) J Appl Phys 37:1257

5. Maat S, Thiele JU, Fullerton EE (2005) Phys Rev B 72:214432

6. Lu W, Nam NT, Suzuki T (2009) J Appl Phys 105:07A904

7. Thiele JU, Maat S, Fullerton EE (2003) Appl Phys Lett 82:2859

8. Jia Z, Harrell JW, Misra RDK (2008) Appl Phys Lett 93:022504

9. Yokoyama Y, Usukura M, Yuasa S, Suzuki Y, Miyajima H,

Katayama T (1998) J Magn Magn Mater 177–181:181

10. Wu W, Israel C, Hur N, Park S, Cheong S, Lozanne A (2006) Nat

Mater 5:881

11. Roy SB, Perkins GK, Chattopadhyay MK, Nigam AK, Sokhey

KJS, Chaddah P, Caplin AD, Cohen LF (2004) Phys Rev Lett

92:147203

12. Moore JD, Perkins GK, Bugoslavsky Y, Cohen LF, Chattopad-

hyay MK, Roy SB, Chaddah P, Gschneidner KA, Pecharsky VK

(2006) Phys Rev B 73:144426

13. Lu W, Yan B, Huang WH (2005) J Non-Cryst Solids 351:3320

J Mater Sci (2010) 45:4919–4923 4923

123

http://dx.doi.org/10.1007/s10853-009-3559-8
http://dx.doi.org/10.1007/s10853-007-2436-6
http://dx.doi.org/10.1007/s10853-007-2400-5

	Magnetic properties and first-order magnetic phase transition in single crystal FeRh thin film
	Abstract
	Introduction
	Experimental
	Results and discussions
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


