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Crystallization of (Th1–xUx)3As4 ferromagnetic 
semiconductor from the Ga flux 
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Crystals of n- or p-type heavily doped ferromagnetic semiconductor (Th1–xUx)3As4 (x = 0.67 and 
0.80) were grown using a mineralization process in the Ga flux. An excess of As corresponding to MeAs2 
composition was necessary to grow the Me3As4 phase at temperature cycled between 1000 ºC and 1060 
ºC. Dilution of U3As4 ferromagnet (Curie temperature TC = 198 K) with 20% of Th3As4 semiconductor 
(energy gap of 0.39 eV) reduced TC by 19%. 
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1. Introduction 

The discovery of ferromagnetism in zinc blende III–V and II–VI Mn-based com-
pounds (see [1] and references therein) allows one to explore the physics of previously 
unavailable combinations of quantum structure and magnetism in semiconductors. 
Studies of magnetic and semiconducting properties in solid state systems served as an 
important test for understanding basic physics and discovering new applications in 
spintronics [2, 3]. During last decades, the anomalous Hall resistivity and anisotropic 
magnetoresistance in sd electron systems were experimentally investigated to great 
extent, motivated by the technological importance of both effects. On the other hand, 
these effects originate from anisotropy of the density of states and spin-orbit interac-
tion [4] which can be fairly high in f electron systems, as it is in U3As4 ferromagnet [5] 
and therefore we have proposed research on spintronic properties of its semiconduct-
ing thorium derivatives [6]. 

Both U3As4 and Th3As4 crystallize in Th3P4 type structure, which belongs to the 
space group 43 .I d U3As4 is a low-carrier ferromagnet (Curie temperature TC = 198 K) 
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showing giant anomalous Hall resistivity and high anisotropic magnetoresistance 
[6, 7]. Th3As4 is an indirect gap semiconductor with energy gap of 0.39 eV [8]. Crys-
tals of U3As4 could be grown by the conventional vapour transport method in a quartz 
ampoule [9]. This method could not be used for growing Th3As4 crystals because of 
a strong reaction with the quartz ampoule. Therefore a modified van Arkel method 
[10] has been developed. This method allowed growing either n- [11] or p-type [12] 
Th3As4 crystals, presumably due to their specific off-stoichiometry. These possibilities 
indicated (Th1–xUx)3As4 system to be more attractive for spintronic studies. Hitherto 
Th-rich n-type (Th1–xUx)3As4 solid solutions (up to x = 0.15) grown by the modified 
van Arkel method [10] remained non-ferromagnetic semiconductors down to 4 K. 
However, the modified van Arkel method is complicated and requires high amounts of 
Th and U for effective preparation of samples of examined system. Expecting coexis-
tence of semiconducting and ferromagnetic properties, promising interesting spintron-
ics-oriented features in U-reach (Th1–xUx)3As4 solutions [6], we look for easier and 
cheaper methods of preparation of such solid solutions. In this work, a possibility of 
growing such solid solutions using the Ga flux method has been examined. 

2. Experimental 

Thorium, uranium, arsenic and gallium elements in proper atomic ratios were 
placed in covered alumina crucibles and closed in quartz ampoules, under 150 mm Hg 
of argon. Then they were heated and cooled in three different ways. In experiments I, 
II and III the Th:U:As:Ga elements were taken with atomic ratios 1:2:4:50, 1:2:6:50 
and 1:2:6:50, respectively. In the case of experiments I and II, the ampoules were 
heated up to 1080 ºC, annealed for 10 h, cooled down to 860 ºC at the rate 1 ºC/h, next 
to 500 ºC at the rate 2 ºC/h and then quickly placed in ambient temperature. In the 
experiment III, the ampoule was heated up to 1080 ºC, annealed for 10 h and then for 
two weeks repeatedly cooled down to 1000 ºC at the rate of 5 ºC/h and heated to 
1060 ºC at the rate of 20 ºC/h, and then quickly placed in ambient temperature, di-
rectly from the furnace (1000 ºC). Liquid gallium was removed with a syringe, its 
remains washed out with mercury and diluted HCl. Remains of mercury were distilled 
out in vacuum. The obtained material was cooled down with liquid nitrogen and the 
ferromagnetic phase was extracted with a strong permanent magnet. 

The samples were examined with electron microscope with EDAX analysis. Crys-
tal structure of selected single crystals was analysed with 4-circle X-ray diffractometer 
and resolved using the SHELX-97 program with a final discrepancy factors, R1, given 
in Table 1 [13, 14]. The dc magnetic susceptibility, χdc, in fields of 2000 Gs was 
measured between 1.7 and 200 K using a SQUID magnetometer. The resistivity in 
longitudinal fields of 0 and 1 T was measured between 60 and 200 K by conventional 
4-point ac technique in an electromagnet. Thermoelectric power was estimated with 
a home-made thermoelectric probe. 
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Table 1. Some physical data for (Th1–xUx)3As4 compounds 

Sample Composition Lattice 
parameter [Å] 

Discrepancy 
factor R1  

Thermoelectric 
power [μV/K] 

II-a, -ba (Th0.2U0.8)3As4 8.587 0.035 –20 
II-bc (Th0.33U0.67)3As4 8.577 0.086 +35 
III (Th0.33U0.67)3As4 8.573 0.055 –5  

3. Results 

Experiment I resulted in a small amount of ferromagnetic phase in the form of fine 
powder that was not examined here. Two characteristic forms of (Th1–xUx)3As4 phase 
were obtained in the experiment II, labelled here as samples II-a and II-b. The sample 
II-a consisted of small (≈0.05 mm in diameter) ferromagnetic (Th0.2U0.8)3As4 isometric 
single crystals with rounded edges, partially immersed in a surface of large (ca. 2 mm) 
GaAs crystal (Fig. 1a). Temperature dependence of magnetization of the composite, 
shown in Fig. 2, yielded TC = 160 K. The second form looked like pieces of broken 
crust of sphere, whose concave surface (sample II-bc) was formed of bigger 
(Th0.33U0.67)3As4 crystals with sharp edges and thermoelectric power S ≈ 35 μV/K. A 
cross-section of the crust is shown in Fig. 1b where one can see the structure of the 
convex surface of the crust formed of small crystals of Th3P4 type crystal structure, 
identical with that of the first form (II-a), and thermoelectric power S ≈  –20 μV/K. 
After polishing out the bigger crystals from the convex surface, we obtained a sample 
(II-ba) of uniform S, for which temperature dependence of electrical resistance is 
shown in Fig. 3. It allowed us to determine TC = 150 K. 

 

Fig. 1. SEM images: a) sample II-a immersed in GaAs surface, b) cross section of the crust surrounding  
U and Th and facing them with (bigger) crystals – sample II-bc and tiny crystals on the opposite side 
– sample II-ba, c) single (sample III) and polycrystalline (Th0.33U0.67)3As4; all bars represent 0.1 mm 

The experiment III gave (Th0.33U0.67)3As4 isometric crystals, like those in sample 
II-a, but about twice as big and with sharper edges, as shown in Fig. 1c. The product 
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of that experiment contained also small thin plates of GaAs. Some physical quantities 
describing the examined samples are collected in Table 1.  

 

Fig. 2. Temperature dependence of magnetization of (Th0.2U0.8)3As4,  
sample II-a, cooled in zero field (ZFC) and cooled in 0.2 T field (FC) 

 
Fig. 3. Effect of longitudinal magnetic field on the resistivity of (Th0.2U0.8)3As4 (sample II-ba) compared 
to the same effect for polycrystalline samples of U3As4 and U3Sb4. Inset: resistivity of the same sample  

II-ba at 0 T (empty circles) and 1 T (full circles) longitudinal magnetic fields (RN = R/R(TC)) 
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4. Discussion 

MeAs, Me3As4 and MeAs2 (Me denotes U or Th) were identified in Me–As phase 
diagrams. U3As4 is the only phases that becomes ferromagnetic. Upon heating MeAs2 
to higher temperature at low arsenic pressure PAs one gets Me3As4 and then congru-
ently melting MeAs phase (above 2000 ºC). As there are T-PAs fields in the Me-As 
phase diagrams where these particular compounds exist, presumably there are also 
corresponding T-CAs fields where the same arsenides exists in the Me–As–Ga phase 
diagram (CAs denotes the concentration of As in liquid Ga). Solubility of As in Ga 
decreases from about 12.5 at. % at 1000 ºC to about 0.3 at. % at 500 ºC [15]. We 
should add also that substrate composition corresponded to Me3As4 + 50Ga in the 
experiment I and to 3MeAs2 + 50Ga in the experiments II and III. 

The above finding seems to be consistent with the following scenarios of the crys-
tallization experiments: in experiment I, no excess of As remained in flux over the 
Me3As4 composition and it is the most probable reason for negligible presence of the 
ferromagnetic phase in the product. In the case of experiments II and III, there was an 
excess of 2 As atoms per Me3As4 formula. This As excess led to CAs ∼4 at. % at the 
end of the process, at high temperature (equal to the saturation solubility at about 
780 ºC) enabling to form Me3As4 phase. At high temperature, the dissolving U and Th 
diffused to the flux and reacted with As forming a crust separating more and more 
tightly this area from the whole flux. Presumably due to a lower excess of As, the p-
type (Th0.33U0.67)3As4 (sample II-bc) grew on one side of the crust, whereas n-type 
(Th0.2U0.8)3As4 (sample II-ba) grew on the other side. Even if the separating crust was 
formed at the beginning of the experiment III, it presumably disappeared due to the 
temperature cycling. Such a cycling usually favorises growth of bigger crystals at the 
expense of smaller ones. We expect that such process carried for 6 weeks would give 
crystals of sufficient size for thorough examination of physical properties. 

Temperature behaviour of magnetization for sample II-a (Fig. 2) is characteristic 
of strongly anisotropic ferromagnets [16]. Here TC decreased to 160 K from 198 K for 
U3As4. One can compare this decrease of TC to a one observed in 3:4 uranium pnictide 
series and examined at external pressure. TC vs. U–U distance (d) dependence for 
U3P4, U3As4 and U3Sb4 reaches a maximum for d corresponding to U3As4. The effect 
of the external pressure closely follows this TC(d) [17]. One can think that such a TC(d) 
behaviour results from competition between RKKY interaction, increasing TC for de-
creasing d, and hybridisation, between f and conduction electrons, acting contrary to 
the RKKY interaction. For U3As4–U3Sb4 and U3As4–(Th0.2U0.8)3As4 pairs, ΔTC/Δa 
equals to 88 and 580 K/Å respectively (a is the lattice parameter proportional to d). 
Thus the dilution of the U3As4 with Th3As4 suppresses ferromagnetic ordering stronger 
than one could expect from the increase of d. (Th0.2U0.8)3As4 remains ferromagnetic 
and shows metallic-type, linear resistivity vs. T dependence in the paramagnetic range 
(Fig. 3) and low thermoelectric power at room temperature. However, growing either 
n- or p-type crystals at the same Th:U ratio as in the case of (Th0.33U0.67)3As4 (see Ta-
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ble 1) may speak in favour of heavily doped (viz. low thermoelectric power) ferro-
magnetic semiconductor doped with stoichiometry defects. 

5. Conclusions 

Crystals of either n- or p-type ferromagnetic semiconductor (Th1–xUx)3As4 could 
be grown using a mineralization process in the Ga flux. An excess of As correspond-
ing to MeAs2 composition was necessary to grow the Me3As4 phase at temperatures 
1000–1060 ºC. It is expected that crystals of the size sufficient for an examination of 
physical properties could be grown if the process was carried for about 6 weeks. Dilu-
tion of U3As4 ferromagnet with Th3As4 semiconductor reduced TC stronger than ex-
pected from TC behaviour in 3:4 uranium pnictide series. Low room temperature val-
ues and sample dependent sign of thermoelectric power might suggest that 
(Th0.33U0.67)3As4 is a semiconductor heavily doped with stoichiometry defects. The 
presented technology opens a new route to a closer examination of spintronic proper-
ties of this f electron system. 

References 

[1] DIETL T., OHNO H., MATSUKURA F., Phys. Rev. B, 63 (2001), 195205. 
[2] DIETL T., III–V and II–VI Mn-Based Ferromagnetic Semiconductors, [in:] B. Kramer (Ed.), Ad-

vances in Solid State Physics, Springer, Berlin, 2003, p. 413. 
[3] ŽUTIC I., FABIAN J., SARMA S. D., Rev. Mod. Phys., 76 (2004), 323. 
[4] BANHART J., EBERT H., Europhys. Lett., 32 (1995), 517. 
[5] WIŚNIEWSKI P., GUKASOV A., HENKIE Z., Phys. Rev. B, 60 (1999), 6242. 
[6] WIŚNIEWSKI P., HENKIE Z., Mater. Sci.-Poland, 25 (2007), 533. 
[7] WIŚNIEWSKI P., KROWICKI B., KUCAJ M., Physica B, 378–380 (2006), 1001. 
[8] SCHOENES J., KÜNG M., HAUERT R., and HENKIE Z., Solid State Commun., 47 (1983), 23. 
[9] HENKIE Z., Roczniki Chem., 42 (1968), 363. 

[10] HENKIE Z., MARKOWSKI P. J., J. Cryst. Growth, 41 (1977), 303. 
[11] MARKOWSKI P., HENKIE Z., WOJAKOWSKI A., Solid State Commun., 32 (1979) 1119. 
[12] HENKIE Z., MAŚLANKA R., MARKOWSKI P. J., WIERZBICKI J., Solid State Commun., 59 (1986), 625. 
[13] SHELDRICK G.M., [in:] Program for the Solution of Crystal Structure, University of Göttingen, Ger-

many, 1985. 
[14] SHELDRICK G.M., [in:] Program for Crystal Structure Refinement, University of Göttingen, Ger-

many, 1987. 
[15] ASM Intl., Binary Alloys Phase Diagrams, 2nd Ed. Plus updates on CD-ROM 
[16] KACZOROWSKI D., TROĆ R., Pnictides and Chalcogenides III (Binary Non-Equiatomic Actinide 

Pnictides and Chalcogenides), Vol. III/27B7, in series: H.P.J. Wijn (Ed.), Landolt-Börnstein New 
Series, Springer, Berlin, 2005, p. 49. 

[17] HENKIE Z., MAŚLANKA R., DURCZEWSKI K., Physica B, 144 (1986), 92. 

Received 7 May 2007 
Revised 2 September 2007 

 



<<
  /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


