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I. INTRODUCTI~
‘,.../

Over two decadesago Matthias,Suhl,and Corenzwit(1958)
propcaedthe coexistenceof superconductivityand magnetic
order in certainLaves-phasealloysOP the systemCel-xR@u2~
where R is a rare earthelementsuch as Gd. Verificationof
coexistencein thi. and other similarsystemswas hampered
becausethe usual techniquesfor characterizingmagneticor-
der, such as bulkmagneticsusceptibility,failedbecauseof
the superconductor’sdiamagneticshielding. Techniqueswhich
requireexternalmagneticfieldsare also suspectbecauseof
the possibleinfluenceof the fieldon the superconductivity.

One of the earliestattemptsto overcomethe dif~iculties
encounteredin the conventionalmeasurementsof the b~lk
propertieswas to use the MossbauerEffect (?4F)to measure
local internalmagneticfields (Ericksonet al., 19737
Tayloret al., 19741Steineret al., 1973). The ME is unaf- ,
fectedby the superconductivityand does not requirean ap-
plied field to obtainhyperfinespectra~ignalingthe pea-
siblepresenceof magneticorder. Only a limitednumberof
usefulME nuclidesexist,but the number includesseveralrare
earth elementscommonto many of the auggeatedcoexistence
ayetema. Magneticstudieshave been reportedon Lnl.xEux
(Steineret al., 1973}1977),Ccl-x Gdx Ru2 (Ruebenbauer
et al., 1977),EUxgnl-#06S

i
(Bolzet al., 1977JFradin ,.

et al., 1977)and ErRh4B4 ( henoyet al., 1979)usingthe ME
of the magneticrare earthcomponent. Alternatively,
Ericksonet al. (1973)!Iaedthe well-knownME in 57Fe as a



very dilute impurityprobe to detectthe presenceof hyper-
fine magneticorder transferredto the 57Fe in samplesof
Cel-xGd*u2. Samplesdilute in Gd (0.08< x < 0.13)become
superconductingat Tcl ME probe measurements(Ericksonet al.,
1973) show magneticordering~urs belowTc. Samplesmore
concentratedin Gd (0.13< x)are magneticallyorderedat Tm.
In a narrowcompositionrangejust above x = 0.13 thesesam-
ples becomesuperconductorsat a Tc belowTm# ME probemea-
aucementssh- the magneticorderingpersistsin the super-
conductingregime. MagneticFe Biteeigcve a saturationfield
of 7.6 T; thin large internalfield enhancedthe capability
of the ME impurity method. The concentrationof the 57C0
parentwas too low to producesignificantimpurity-impurity
interactionsand too lW to affectany of the measuredbulk
propertiesof the host.

Althoughthe ME is usefulto detectmagneticorderingon
a microscopicscale,it is generallynot possibleto deter-
mine whetherthe interactia is ferromagneticor antiferro-
magnetic. However, from a concentration-dependencestudyof
the ME hyperfinespectraof L.S1-XEUXSteinarand Gumprecht
(1977)concludedthat the orderingwas of a spin-glasstype
in the coexistenceregion. A further complicationin the ME
techniquesometimesarisesfrom relaxation-timeeffects,
which tend to mask any magnetichyperfine effectsdue to or-
dering. Neverthelessthe ME techniqueprovidesa tool simple
in conceptand applicationwhich providesuniquecomplemen-
tary informationon magneticorderingin magneticsupercon-
ductors.

The recentneutronscatteringexperiments(Moncton,1979)
have been extremelyvaluablein developinga bette~picture
of the natureof the magneticinteractionin superconductors.
However,this powerfultechniquecannotbe used with metal-
lurgicalsystemswhich have nuclei with a high neutronab-
sorptioncross-section.

In this introductionwe have emphasizedtechniqueswhich
sensemicroscopicspin order in the absenceof an applied
field. Recentmore generalreviews of the subjectof coexis-
tence includeRoth (1978)and Fischer (1978).

II. ErRh4B4

The discoveryof the superconductingand magneticprop-
ertiesof the ternarycompoundsRRh4B4 (Matthiaset al.8.-
1977) and more particularlythe reentrantbehaviorof ErRh4B4



.
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(Fertiget al., 1977)provide“the
lent metallurgicalsystemto study
conductivityand magnetism. These
welJ-definedcrystalstructureand

. .

experimentalistan excel- ,
the coexistenceof super-
ternarycompoundshave a
can be preparedrelatively

free of voids&d secondphases. PseudoternarycompoundsOS
taind by systematicsubstitutionof one or more rare earth
elementsfor 13rprovidean added dimensionfor establishing :
trendsin an effortto developan understandingof the com-
petitionof magnetismand superconductivityin this system.

Shenoyet al. (1979)measuredthe ME of 166Er in ErRh4B4
at temperaturesfrom 4.2 to 0.1 R. Resolvedhyperfinespec- ~
.tra.,,.mostlyattributedto crystal-fieldand electronicspin ,
relaxation-timeeffects?were obtainedat all temperatures.
,’rhedifferencesin the ME spectrabetween0.1 K and 1.5 K ;
were subtlebut were surelya resultof the presenceof mag- ‘
,neticorder belowTC21 the temperatureat which superconduc-
tivitydisappearsand belcx~which ferromagneticis present.

Our motivationin using a microscopicmagneticME probe
‘in”ErRh4B4was to try to determinewhetherthe ferromagnetic
‘orderestablishedbelowTC2 persistsaboveT

s?’
into the :

“superconductingregion. We chose the ME of Fe impurities
becausethe applicabilityof the techniquewas alreadyestab-”’
lishedand becauserelaxationtime effectswere not likelyto
‘interfere.In ErRh4E4one expectsthe 57C0 to subsitutefor
Rh. The sensitivityaf the method dependson the electronic
configurationof Fe-

111.EXPERIMENTAL

in ErRh4B4. -

Two differentErRh4B4smples here used in this study.
SampleA was made by D. C. Johnson (Fertiget al., 1977)and
SampleB was made by F. E. Wang. Swtions about 1 mm thickof
the annealedsampleswere doped with 57C0.the parentof 57Fe,
foc the ME studies. About 0.5 mCi of cdrrier-free57C0wa3
electroplatedonto one side of SampleA givinga sourcewhose
activearea was about0.1 cmz; the cobaltwas diffusedinto
the host by heatingat 900”c first in a Hz-Ar atmosphereand
then in a high vacuumfor a totaltime of 1.3 hours. SourceB
was similarlypreparedexcept the heat treatmentwas entirely
in a vacuumof 10-6-10-8torr. A deeperdiffusionwas achiev-
ed by treatingfor 26 hours at 960°C follwed by 17 hoursat
108O”C. By observingthe r~+:tlveintensitiesof the 122-
and 14.4-keV yrays of Lliw AC as a functionof the heat
treatmentwe COUIJdeterminethe averagedepthof diffusion
and the averageimpuritycomposition. For SourceB we found

3;



that the averageconcenkratimof the doped regionwas rough-
yy 100 pprn57Co. For Source A we only know that the average
at~ ~centrati~ was much higher. Tcl (superconducting
onset), determinedfrom ac magneticsusceptibilitymeasure-
ments for trothsamplesbeforeand afterdopingagreedwith
Fertiget al.c (1977). TC2, determinedfor the undopedsam-
ples, also agreed;TC2 was rot measuredfor the doped samples.

The sourcewas cooledin a 3He cryostatand analyzedby an
externalroom-temperaturesingle-lineabsorberin conjunction
with a conventiaal constant-accelerationmode ME spectro-
meter. A superconductingsolenoidprovidedfieldsup to 6 T
on the source.

IV. DATA DISCUSSION

The ME spectraof 57Fe impuritiesin SampleB at 0.38
and 1.1 K are shan in Fig. 1. The splittingof the quadru-
ple doubletwas essentiallyindependentof temperaturefrom
0.38 to 300 K and the same for both samples. Bqual intensi-
ties suggestthat the 57Fe impurities were in equivalent
sites. We have analyzedthe low-temperaturedata assuminga
symmetrical Lorentziantiublet. We have summa:ized the low
temperaturedata for both sourcesin Table I. Much of ti.~
excessive line width quotedis attributableto the rather
thickpotassiumferrocyanideabsorberused. (A thin absorber
gave componentline widthsof 0.33mm-l).

TABLE I. Measured Field at the Impurity Site

Source Temperature Quadruple Line width Bff=tive fields
Splitting 1

K mm-l mm-l T

A 4.0 0.523 (15) 0.589 (26)
1.2 0“.510(8J 0.616 (7J Ref. A
0.54 0.499 (15) 0.627 (13) 0.06 (4J

B 4.0 0.491 (5J 0.591 (7J
1.1 0.488 (4) 0.584 (6) Ref. B
0.38 0.489 (4) 0.659 (6) 0.49 (6)

aEntries calculated with respect to Ref. A or B data. ,.



-re virtually
nearlycomplete

In SampleA the spectraat 1.2 and 0.54 K
indistinguishable.For T/Tc2~ 0.6 we assumed
ferromagneticorderingof the sample. The absenceof any
broadeningat 0.54 K impliedthe absence (towithin0.1 T)
of any internalfieldat the Fe sites. ~ obtain this upper
limit to the fieldwe assmed that the electronicstateof
the Fe was nonmagnetic. Such a nonmagneticstate has
been observed for Fe in the superconductorsV, Nb, and Ta
(Xitchenset al., 1965).In ErRh4B4Shenoyet al., (1979)
measuredthe fieldat the Er nucleusto be 770 T at 0.1 K.
Althoughan internalfieldat the Er sites~es not neces-
sitatea fieldat the Rh and B neighbors,it does offer the
possibility of a hyperfinefieldat the Fe.

The generalfeaturesof the ME spectraof SourceB con-
firm thoseof SourceA exceptstatisticallysignificant
broadeningwas found at 0.38K. We presumethis broadening
is associatedwith the linermeasuringtemperaturerather
khan differencesin the sample-sourcepreparation~but this
pointcould not be fullycheckedk-ause the sourcewas
ruinedin a subsequentheat treatment. The fieldat 0.38 K
at the Fe site,calculatedfrom the fittedME spectrashown
in Fig. 1, was 0.49 T. TO obtainthis valuewe assumedthat
the principalquadrupoieand magneticaxes were co-linear,
but the valuewas ratherinsensitiveto thisparticular
choice.

We measuredthe response of the 57FeME impurityto an
appliedmagneticfieldin order to confirmthe supposition
that Fe in ErRh4B4was in a nonmagneticelectronicstate.
The measurementsshowedthat the hyperfinefieldat the Fe
site in SampleA at 1.3 and 0.53 K was 5.98~0.11 and 6.01
~0.09 T, respectively,in an appliedfieldof 6.00 T. Mea-
surementsat a lower fieldalso indicatedthat the fieldat
the 57Fe nucleuswas withina few percentof the valueof
the appliedfield. We have takenthis as directevidence
that the Fe impurityin ErRh4B4is indeednonmagnetic. The
absenceof a moment on Fe precludesrelaxationeffectsas the
sourceof broadeningat 0.38K. It seemssafe to speculate
that the fieldobserved (TableI) arisesfrom the orderedEk
moments.

V. CONCLUSIONS

We have observeda smallhyperfinefieldat Fe impurity
sites in ErRh4B4at 0.38 K. The magnitudeof the fieldat
the nonmagneticimpuritysiteswas 0.5 T. We presumethis
hyperfinefield reflectsspinorder at the Er sitesbut the



sensitivityof the probe techniqueemployedturnedout to be
marginalfor investigatingquantitativelythe shapeof the
orderingcurve with temperaturenear and belowTC2.
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FIWRB 1. Hossbauer Effect spectra of 57Fe in ErRh4B4
at 1.1 (a) and 0.38 K (b).
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