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Site Preference and Hyperfine Structure in Doped
Z-Type Hexaferrite Ba1.5Sr1.5Co2(Fe1−xAlx)24O41

Investigated by Mössbauer Spectroscopy
Jung Tae Lim and Chul Sung Kim

Department of Physics@commas Kookmin University, Seoul 02707, South Korea

The Ba1.5Sr1.5Co2(Fe1−xAlx)24O41 (x = 0, 0.01, 0.03, and 0.05) polycrystalline samples were synthesized by the polymerizable
complex method. Based on the Rietveld refinement, the crystal structures of samples were found to be single phased and determined
to be rhombohedral with space group of P63/mmc. The hysteresis curves of these samples were measured under 20 kOe at 295 K,
showing that they were not saturated with increasing Al ion contents because spin structure was modified due to the reduction
of magnetic anisotropy. With increasing Al ions contents, the value of M20kOe decreases due to the preferential occupation of
non-magnetic Al ions in the up-spin site, while Hc increases. The Mössbauer spectra of the samples were obtained at 295 K, and
analyzed as six distinguishable sextets (4fI V , 4f∗I V , 12k∗

V I , 4f∗V I + 4eI V , 12kV I , and 2dV + 2aV I + 4fV I + 4eV I ) below TC
due to the superposition of ten sextets of Fe sites corresponding to the Z-type hexagonal ferrite. The occupation number of up-spin
site decreases with increasing Al ions. This suggests that the Al ions preferentially occupy the tetrahedral sublattices, leading to
decrease in M20k Oe.

Index Terms— Hexaferrite, Mössbauer spectroscopy, Z-type Ba ferrite.

I. INTRODUCTION

RECENTLY, the hexagonal ferrite family has been exten-
sively studied for its interesting physical properties

such as the magnetoelectric (ME) effect based on spin-
current model [1]–[4]. Especially, Z-type hexaferrites such
as Sr3−xBax Co2Fe24O41 and Sr3Co2−xZnxFe24O41 have been
reported to show the ME effect around room temperature
under low-magnetic field [5]–[7]. With Sr ion substitution,
Z-type hexaferrite can lead to the modification of spin structure
due to the high planar anisotropy of Sr ions. Also, Al-doped
Y-type hexaferrites such as Ba0.5Sr1.5Zn2(Fe1−xAlx)12O22 and
BaSrCo2−xZnxFe11AlO22 have shown the ME effect near
room temperature under a low-magnetic field [8]–[10]. There-
fore, it is known that adding Al ions into Z-type hexaferrite
can improve the multiferroic properties due to the reduction of
the in-plane orbital moment via lowering magnetic anisotropy.
However, this compound has not been studied in detail because
single phase is difficult to synthesize due to the narrow
temperature range for the formation of Z-type hexaferrite by
Sr and Al ions substitution [11]. In this paper, to overcome the
problems, we have synthesized Ba1.5Sr1.5Co2(Fe1−xAlx )24O41
(x = 0, 0.01, 0.03, and 0.05) by using the polymerizable com-
plex method. The polymerizable complex method allows the
formation of metal-organic complexes and subsequent poly-
esterification followed by sintering at lower temperature than
the formation temperature of Z-type ferrite [11]. The mag-
netic properties, site preference, and hyperfine structure were
investigated by using X-ray diffractometer (XRD), vibrating
sample magnetometer (VSM), and M’́ossbauer spectrometer.
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Especially, the ME effect can be affected by magnetic
anisotropy and spin structure derived from hyperfine interac-
tion with the site occupancy of transition metal ions. There-
fore, detailed information on each site, site occupancy, and
hyperfine distribution can be provided by the M’́ossbauer
spectroscopy [12].

II. EXPERIMENT PROCEDURE

A. Synthesis of Ba1.5Sr1.5Co2(Fe1−xAlx)24O41 (x = 0, 0.01,
0.03, and 0.05)

A polycrystalline samples of Ba1.5Sr1.5Co2
(Fe1−xAlx)24O41 (x = 0, 0.01, 0.03, and 0.05) were
synthesized by the polymerizable complex method. The
starting materials of high-purity reagent SrCO3 (99.995%),
Co(NO3)2·6H2O (98%), Fe(NO3)3·9H2O (98%), and
Al(NO3)3·9H2O (98%) were used and were combined
at stoichiometric ratio of SrCO3: Co(NO3)2·6H2O:
Fe(NO3)3·9H2O: Al(NO3)3·9H2O = 3: 2: 24(1 −x):24x
with varying amount of x = 0, 0.01, 0.03, and 0.05. These
were dissolved in distilled water with citric acid at 70 °C
for 1 h. The molar ratio of citric acid was 1: 2.5 (total
metal: citric acid). Then, a proper amount of ethylene glycol
was added into metal-citrate solution and stirred at 80 °C
for 1 h. The solution was dried at 120 °C for polymerization
between metal-citrate complexes, and the gel metal-organic
complexes were heated at 320 °C for 3 h in air. The calcined
powder was pressed into a cylindrical pellet, and sintered at
1180 °C for 10 h in air. Finally, to obtain good homogeneity,
we heated the sintered sample at a rate of 4 °C/min and
then sintered again at 1190 °C (x = 0), 1210 °C (x = 0.01
and 0.03), and 1230 °C (x = 0.05) for 10 h in air.

B. Measurements

The structural properties of samples were examined by
using Rigaku Ultima IV with Cu-Kα radiation (λ = 1.5406 Å)

0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /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 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


