
Soft magnetic materials for
magnetic refrigeration:
field dependence and a 
universal curve

V. Franco, V. Franco, J.SJ.S. Blázquez, . Blázquez, J.MJ.M. Borrego, M. . Borrego, M. 
Millán, Millán, C.FC.F. Conde, A. Conde. Conde, A. Conde

Sevilla Sevilla UniversityUniversity. . SpainSpain

mailto:vfranco@us.es


Victorino Franco. Workshop Magnetostrictive Materials and MagnetVictorino Franco. Workshop Magnetostrictive Materials and Magnetic Refrigeration. Baden/Vienna. 15 August 2007ic Refrigeration. Baden/Vienna. 15 August 2007

Soft magnetic amorphous 
alloys for magnetic 
refrigeration

Low cost (compared to materials in this session)
– 15x less than GdSiGe

Performance
– Modest peak entropy change (40% of Gd)
– Not so small RC

• Up to 78% of that of Gd5Ge1.9Si2Fe0.1 for the same 
temperature span

Adequate properties
– Mechanical
– Electrical
– …

Good testing ground to analyze the physics behind 
MCE

3.2 K for 5TadTΔ ≈
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Structure of this talk

Compositional effects
– Magnetic entropy change
– Refrigerant capacity

Field dependence of
– Different temperature regions
– Universal curve behavior

• Extension to alloy series?

How can we use the universal curve?
– Enhancement of resolution
– Extrapolations in field or temperature
– Simple screening procedure for materials selection

MSΔ
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Experimental techniques

Magnetic measurements
– VSM (RT -700 K; 15 kOe)

• Magnetic entropy change

• Refrigerant capacity: Wood and Potter

Specific heat
– DSC (zero field)

• Estimate of 

0
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Alloys

Ribbons prepared by melt spinning
– Pre-heated for stress relaxation

Compositional series
– FINEMET: 5 at. % Mo
– NANOPERM

• Co addition
• Fe/B ratio

– HITPERM
• Mn addition

– Bulk amorphous alloys
• Co addition
• Cr/Mo ratio
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Alloy compositions

Fe68.5Mo5Si13.5B9Cu1Nb3, denoted as MoFinemet

Fe83-xCoxZr6B10Cu1 (x=0, 5), denoted as CoNanoperm

Fe91-xMo8Cu1Bx (x=15, 17, 20), denoted as BNanoperm

Fe60-xMnxCo18Nb6B16 (x=0, 2, 4), denoted as MnHiTperm

(FexCoyBzCu) Si3Al5Ga2P10 (x,y,z,u=70,0,5,5; 56,14,6,4; 43,26,8,3; 

29,40,9,2; 17,52,10,1; 5,63,12,0), denoted as CoBAA

Fe65.5Cr4-xMo4-yCux+yGa4P12C5B5.5 (x, y=0; 0.5; 1, x+y≤ 1), denoted as 

CrMoBAA



Victorino Franco. Workshop Magnetostrictive Materials and MagnetVictorino Franco. Workshop Magnetostrictive Materials and Magnetic Refrigeration. Baden/Vienna. 15 August 2007ic Refrigeration. Baden/Vienna. 15 August 2007

Nanocrystallization of
Mo-Finemet

V. Franco, J.S. Blázquez, C.F. Conde, A. Conde, Appl. Phys. Lett. 88 (2006) 042505

Smaller values of coercivity More reduced dipolar interactions
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MCE of nanocrystalline
Mo-Finemet

V. Franco, J.S. Blázquez, C.F. Conde, A. Conde, Appl. Phys. Lett. 88 (2006) 042505
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Compositional effects in 
amorphous alloys

MCE due to a second order magnetic 
phase transition
– Tune          close to the working 

temperature
For a given transition temperature
– Maximization of both        and RC
Minimize dependence with

• composites

CurieT

pk
MSΔ

CurieT
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Compositional effects in 
amorphous alloys (results)

Nanoperm-type alloys are 
among the best 
– Estimate: 

Co addition has different 
effects for low and high 
metalloid content
A constant         can be 
obtained by altering the 
Fe/B ratio

1.3 K for 1.5 T; 
3.2 K for 5T

adTΔ ≈

pk
MSΔ

V. Franco, J.S. Blázquez, M. Millán, J.M. Borrego, C.F. Conde, A. Conde, J. Appl. Phys. 101 (2007) 9C503
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Fe91-xMo8Cu1Bx
(x=15, 17, 20)

TC can be tuned
without altering the
magnitude of pk

MSΔ

V. Franco, C.F. Conde, J.S. Blázquez, A. Conde, P. Švec, D. Janičkovič, L.F. Kiss, J. Appl. Phys. 101 (2007) 093903
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Fe91-xMo8Cu1Bx
(x=15, 17, 20)

Increasing contribution 
per Fe atom
Correlated with the 
low-temperature 
average magnetic 
moment of Fe

V. Franco, C.F. Conde, J.S. Blázquez, A. Conde, P. Švec, D. Janičkovič, L.F. Kiss, J. Appl. Phys. 101 (2007) 093903
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Field dependence of MSΔ

V. Franco, J.S. Blázquez, A. Conde, J. Appl. Phys. 100 (2006) 064307
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Field dependence of

T<<TC: n=1
T>>TC: n=2
T=TC: n~0.75
– Not compatible with 

a mean field 
approach (n=2/3)

MSΔ

ln
ln

Md S
n

d H
Δ

=

V. Franco, J.S. Blázquez, and A. Conde, J. Appl. Phys. 100 (2006) 064307

n
MS HΔ ∝



Victorino Franco. Workshop Magnetostrictive Materials and MagnetVictorino Franco. Workshop Magnetostrictive Materials and Magnetic Refrigeration. Baden/Vienna. 15 August 2007ic Refrigeration. Baden/Vienna. 15 August 2007

n from two methods

n
MS HΔ ∝ ln

ln
Md S

n
d H

Δ
=
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Field dependence at TC

Arrott-Noakes equation of state

At T=TC

Good description of experimental results

1 11 1n
δ β
⎛ ⎞

= + −⎜ ⎟
⎝ ⎠

1 1 1 1

( )CH a T T M bMγ γ β γ
+

= − +

V. Franco, J.S. Blázquez, and A. Conde, Appl. Phys. Lett. 89 (2006) 222512
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Master curve for the field 
dependence?

Different characteristic regions of n
The temperature dependence of     
also changes above and below TC

Phenomenological master curve:
– Normalization of 
– Rescaled temperature using 2 reference 

points

MSΔ

MSΔ

( ) ( )
( ) ( )
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2

;
;

C r C C
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θ
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“Measurements” for 
different applied fields
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Selection of equivalent 
points (with respect to the peak)
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Rescale (normalize) the 
vertical axis
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Rescale the temperature 
axis

( ) ( )
( ) ( )

1
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;
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Master curve for the field 
dependence

V. Franco, J.S. Blázquez, and A. Conde, Appl. Phys. Lett. 89 (2006) 222512

96 curves; 0.25 – 1.5 T
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Only for Fe-based soft
magnets?

V. Franco, A. Conde, V.K. Pecharsky, K.A. Gschneidner, Jr. Europhys. Lett. 79 (2007) 47009
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MCE of different alloy 
series

Field dependence is eliminated
Temperature dependence is related to the critical 
exponents
Similar values of the critical exponents

V. Franco, J.S. Blázquez, M. Millán, J.M. Borrego, C.F. Conde, A. Conde, J. Appl. Phys. 101 (2007) 9C503



Victorino Franco. Workshop Magnetostrictive Materials and MagnetVictorino Franco. Workshop Magnetostrictive Materials and Magnetic Refrigeration. Baden/Vienna. 15 August 2007ic Refrigeration. Baden/Vienna. 15 August 2007

n also collapses

V. Franco, C.F. Conde, A. Conde, L.F. Kiss, Appl. Phys. Lett. 90 (2007) 052509
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Extrapolation using the 
universal curve

V. Franco, C.F. Conde, J.S. Blázquez, A. Conde, P. Švec, D. Janičkovič, L.F. Kiss, J. Appl. Phys. 101 (2007) 093903
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Extrapolation using the 
universal curve

V. Franco, C.F. Conde, J.S. Blázquez, A. Conde, P. Švec, D. Janičkovič, L.F. Kiss, J. Appl. Phys. 101 (2007) 093903
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Overlapping magnetic
phenomena: the use of n

V. Franco, A. Conde, V.K. Pecharsky, K.A. Gschneidner, Jr. Europhys. Lett. 79 (2007) 47009

Er0.15Dy0.85Al2
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Overlapping magnetic
phenomena

V. Franco, A. Conde, V.K. Pecharsky, K.A. Gschneidner, Jr. Europhys. Lett. 79 (2007) 47009
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Conclusions
Soft magnetic amorphous alloys for MCE refrigeration
– Low cost (at least 15x less than Gd-based materials)
– Modest peak entropy change (40% of Gd);
– Refrigerant capacity comparable to that of Gd5Ge1.9Si2Fe0.1

Field dependence of 
– Three characteristic regions

• n=1 for T<<TC
• n=2 for T>>TC

• at TC

Experimental data show a universal curve for
– For different applied fields
– For different alloys with similar critical exponents

It can be used for
– Enhancing of the resolution of the data
– Extrapolating curves in temperature or field
– Simple screening of the performance of materials

1 11 1n
δ β
⎛ ⎞

= + −⎜ ⎟
⎝ ⎠

MSΔ

MSΔ

3.2 K for 5TadTΔ ≈



Victorino Franco. Workshop Magnetostrictive Materials and MagnetVictorino Franco. Workshop Magnetostrictive Materials and Magnetic Refrigeration. Baden/Vienna. 15 August 2007ic Refrigeration. Baden/Vienna. 15 August 2007

OurOur publicationspublications onon thisthis
subjectsubject

V. Franco, J. S. Blázquez, V. Franco, J. S. Blázquez, C.FC.F. Conde, A. Conde. . Conde, A. Conde. 
““A A FinemetFinemet--type alloy as a lowtype alloy as a low--cost candidate for highcost candidate for high--temperature magnetic refrigerationtemperature magnetic refrigeration””
Applied Physics Letters Applied Physics Letters 8888 (2006) 42505 (2006) 42505 
V. Franco, V. Franco, J.MJ.M. Borrego, A. Conde, S. . Borrego, A. Conde, S. RothRoth. . 
““Influence of Co addition on the Influence of Co addition on the magnetocaloricmagnetocaloric effect of effect of FeCoSiAlGaPCBFeCoSiAlGaPCB amorphous alloysamorphous alloys””
Applied Physics Letters Applied Physics Letters 8888 (2006) 132509(2006) 132509
V. Franco, J. S. Blázquez, A. Conde. V. Franco, J. S. Blázquez, A. Conde. 
““The influence of Co addition on the The influence of Co addition on the magnetocaloricmagnetocaloric effect of effect of NanopermNanoperm--type amorphous alloystype amorphous alloys””
Journal of Applied Physics Journal of Applied Physics 100100 (2006) 064307(2006) 064307
V. Franco, J. M. Borrego, V. Franco, J. M. Borrego, C.FC.F. Conde, A. Conde, M. . Conde, A. Conde, M. StoicaStoica, S. , S. RothRoth. . 
““Refrigerant capacity of Refrigerant capacity of FeCrMoCuGaPCBFeCrMoCuGaPCB amorphous alloysamorphous alloys””
Journal of Applied Physics Journal of Applied Physics 100100 (2006) 083903(2006) 083903
V. Franco, J. S. Blázquez, A. Conde. V. Franco, J. S. Blázquez, A. Conde. 
““Field dependence of the Field dependence of the magnetocaloricmagnetocaloric effect in materials with a second order phase effect in materials with a second order phase transition: a master curve for the magnetic transition: a master curve for the magnetic 
entropy change”entropy change”
Applied Physics Letters Applied Physics Letters 8989 (2006) 222512 (2006) 222512 
V. Franco, V. Franco, C.FC.F. Conde, A. Conde, . Conde, A. Conde, L.FL.F. . KissKiss. . 
““Enhanced Enhanced magnetocaloricmagnetocaloric response in Cr/Mo containing response in Cr/Mo containing NanopermNanoperm--type amorphous alloystype amorphous alloys ””
Applied Physics Letters Applied Physics Letters 9090 (2007) 052509 (2007) 052509 
V. Franco, J. S. Blázquez, M. Millán , V. Franco, J. S. Blázquez, M. Millán , J.MJ.M. Borrego , . Borrego , C.FC.F. Conde, A. Conde. . Conde, A. Conde. 
““The The magnetocaloricmagnetocaloric effect in soft magnetic amorphous alloys”effect in soft magnetic amorphous alloys”
Journal of Applied Physics Journal of Applied Physics 101 (2007) 9C503
V. Franco, V. Franco, C.FC.F. Conde, J. S. Blázquez, A. Conde, . Conde, J. S. Blázquez, A. Conde, P. P. ŠvecŠvec, D. , D. JaničkovičJaničkovič, L.F. Kiss., L.F. Kiss.
“A constant “A constant magnetocaloricmagnetocaloric response in response in FeMoCuBFeMoCuB amorphous alloys with different Fe/B ratios”amorphous alloys with different Fe/B ratios”
Journal of Applied Physics Journal of Applied Physics 101 (2007) 93903
V. Franco, V. Franco, C.FC.F. Conde, . Conde, J.SJ.S. Blázquez, M. Millán, A. Conde. Blázquez, M. Millán, A. Conde
“Magnetocaloric effect in MnMagnetocaloric effect in Mn--containing Hitpermcontaining Hitperm--type alloystype alloys”
Journal of Applied Physics Journal of Applied Physics 102 (2007) 13908
V. Franco, A. Conde, V.K. Pecharsky, K.A. Gschneidner, Jr.
“Field dependence of the magnetocaloric effect in Gd and (Er1−xDyx)Al2: Does a universal curve exist?”
Europhysics Letters 79 (2007) 47009

http://www.personal.us.es/vfranco/papers/APL88_2006_042505.pdf
http://www.personal.us.es/vfranco/papers/apl88_2006_132509.pdf
http://www.personal.us.es/vfranco/papers/jap100_2006_064307.pdf
http://www.personal.us.es/vfranco/papers/jap100_2006_083903.pdf
http://www.personal.us.es/vfranco/papers/apl89_2006_222512.pdf
http://www.personal.us.es/vfranco/papers/Apl90_2007_052509.pdf
http://www.personal.us.es/vfranco/papers/JAP101_2007_09C503.pdf
http://www.personal.us.es/vfranco/papers/JAP101_2007_093903.pdf
http://www.personal.us.es/vfranco/papers/jap102_2007_013908.pdf
http://www.personal.us.es/vfranco/papers/epl79_2007_47009.pdf
vfranco
Note
click on the title of the papers to get the full text pdf version through the Internet



Victorino Franco. Workshop Magnetostrictive Materials and MagnetVictorino Franco. Workshop Magnetostrictive Materials and Magnetic Refrigeration. Baden/Vienna. 15 August 2007ic Refrigeration. Baden/Vienna. 15 August 2007

AcknowledgmentsAcknowledgments

Non-crystalline solids group. Sevilla University
– Prof. A. Conde (head)
– Prof. C.F. Conde
– Dr. J.M. Borrego
– Dr. M. Millán
– Dr. J.S. Blázquez
– Mr. J.J. Ipus

Research Institute for Solid State Physics and Optics. Hungarian Academy of 
Sciences

– Dr. L.F. Kiss
Slovak Academy of Sciences

– Dr. P. Svec
IFW-Dresden

– Dr. S. Roth
Ames Laboratory

– Prof. V.K. Pecharsky
– Prof. K.A. Gschneidner



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /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 true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




