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Spenmagnetismin Fes;gErsB,7 and Fe,Er19B1; metallic glasses

| -Moment values and ron-collinear components

A R Wilde€ andN Cowlan?

4nstitut LaueLangevin, BP 156, 6 rue jules Horowitz, 38042 GRENOBLE Cedex 9, France,

PDepartment of Physics amkstronomy, University of Sheffield, SHEFFIELD, S3 7RH, U.K,

Abstract.

Magnetisation measurements have beeade on a FRgEndBi7 glass which exhibits
ferrimagnetic compensation afonpy = 112K and plarised beam neutron scattering
measurementtave beenmade onFe;gErsB;7 and Fes4ErgBi7 glas®es to supplementhe
measurements made earli@m Fe;4ErnqoBi7. The magnetisation dataere analysed with a
phenomenological modeto find the magneticmoments and theiroenponentsneeded to
interpretthe neutron data. Four spiependenscdtering crosssections wereobtained in
absolute unitsfrom each neutron experiment to determine the atomicale magnetic
structuresof the two glassesThe finite spiAflip crosssections confirrad that thee
(Fe,Er}sB17 glassesare noncollinear ferrimagnetsThe crosssections were calculated using
amodel based on random cone arrangements of the magm@hents. e moment values
and the randomane angles were refined in tbhalculationswhich producedyood agreené

between the calculated curves ahd experimental data. The forward limit of the sftijm

crosssections‘aaﬁ/aQ‘Q_o of the FgsEndBi; glass which peakedat Teump and he

temperature variation of the total scattering ampIEu(JIBI p”(Q)) suggestedhatthe random

cone angles open fully sihat the collinear componentg”(Q) tend to zeroat Teomp. The
ferrimagnetic compensation is therefore characterised by an equality of the magneti
sublattices; theeveral of the magnetic structure and compensatedperimagnetic phase

which appearat Teomp.



1.0) Introduction

The presence of collinear and reooilinear magnetic structures in metallic glasses can be
established by using polarised beam neutron scattering. Fownlegpdmdent scattering cress
sections are measured in a typical experiment with one dimensionabatiber analysis,
(see Figure 1 of [1]Fhey are conventionally divided into two non sflip crosssections,
for which the neutron polarisation is unchanged on scattering and twéigmrosssections

for which it is rotated by 180° or ‘flipped’ on attering. These crossectionsprovide direct
information about the collinear aride noncollinear components of the magnetic moments
respectively.

Many of the transition metal metalloid (TMssmet~type) glasses are namllinear
ferromagnets [1] and the introduction of rare earth (RE) ions to these has theaptoe
change their magnetic structures significantly. The magnetic stesdiu binary, amorphous
rare earth-transition metal (RE'M) alloys are usually described in terms of a-goiiinear

RE sublattice immersed in a ferromagnetic matrix [2, 3].s€nen<collinear structures arise
because the large spambit coupling at the RE sitesdds to large local anisotropiegich
compete with the exchange interactions.

Rather surprisingly, (FellssB17 glasses have been found to dmtlinear ferrimagnets by
polarised beam neutron scattering [4]. The substitution of the large RE ion weiduadly
large magnetic moment was found to change the form and shape of the measured-non spin
flip crosssections significantly in comparison with those of the parentaksiMt; glasses
[1]. These non spHflip crosssections of the (Fe, T&B:7 glasses werenevertheless
successfully simulatedhy using a combination of known and derived partial strudaaters

[4]. Magnetisation, Mdssbauer spectroscopy arrdy<magnetic circular dichroism (XMCD)
measurements on (Fe,Er)BSi glasseg fnorphous FeEr alloys [6, 7] &nd a single
FessEnoBis glass [9, suggestthat (Fe,ErgsBi; are non-collinear ferrimagnets They have
beendescribed by a sperimagnetic structure [ihOlvhich the magnetic moments on the iron

atoms point in a random cone that is ferrimagnetically coupled to a random cone of erbium
momentsThe identification ofzz! = 8.Qug in (Fe,Er)BSi glassegwhich is smaller thathe
absolute value |ﬂa| = 9.Q), was originally interpreted as evidence that the erbium
moments lay randomly on a cone with a fixed seertex angle g = cos'(8/9) = 27° to the

appliedfield [5]. Such “empty cone” structures occur in some crystalline oxidgs 11]

because offixed, competingexchangeinteractions. The alternativeuggestion, that the



moments point randomly, &very angle to the applied field within a “filled cone”][9s
intuitively more consistent with theange of local environments that occurs in a glassy state.
The semivertex angle of the cone will also change with temperature according to the relative
magnitudes of the competing exchange interactions.

The (Fekr) — based glasseslso exhibit ferrimagnetic compensation as a function of
composiion [5, 6] and temperature [6].9We therefore made a preliminary study of a
FessEroB17 glassat three different temperaturaesingpolarisedoeamneutron scatteringrhe
finite spinflip crosssectionswhich were obtained, confirmed the presence mb@collinear
state[12].

The average components of the magnetic momghig -, parallel and perpendicular to the
magnetic field a& needed to describe the non sftim and spinflip crosssections so that
thar valuesmust be known as a function of composition and temperalliagretisation

measurements relate ttoee mean collinear component of the moments

1 mees = 13y — Tl

They have been analys@dthe past by first choosing a value pfl, appropriate tasmall
concentrationsto obtainzz! and then using thigz! to deducez !, for a// compositions, -

on the basis thatz! is independent of composition [5, 6]. It is not cléahis is completely

justified when the erbium concentration is higand close to the point where hie
ferrimagnetism is suppressed. In additittrere will be many different choices of the values

of the total momentsy,,, u. andthe semivertex anglesée, 6 of their random coneis
a noncollinear structure, which will lead to similar values of ti& and z* componentslt

is findingthe unique choice of thexz!, z* components whicmakes the analysis of the data

onthe (Fe,EnsB17 glasses more difficult than that ¢Fe, Tb}sB17 [4]. Theaim of the present
work hasbeen to obtain mamgptic moment values frormagnetisation data on our own
FessEr9B17 glass which could be used confidently in the analysis of the neutron scattering.
The neutron studies havasobeen extended to include a sad series of measurements on a
FegErsB17 glass at 2K and on the &zErigB17 glass 8100K, 112K, 125K and 180K.

The magnetisation data and @salysis using a phenomenological modaell be presenteih
Section 2 of this papeBection 3 will cover tb analysisof the spinflip crosssectionsand
involve a refinement of the magnetic moment values already obtainedprokidesdirect
evidence of the presence of the romflinear state and itgariation close to the compensation

temperature/ o, The analysis of the non sgilip crosssectionswill be coveredseparately

3



in Part II of this work, to avoid a paper ofkeessive length. It will involve &ourier
transform of the scattering dataelying solely on the values of the magnetic moments
obtained inPart I. It will provide a coherentlescription of the atomiscale stuctures in the

two (Fe,Er}sB;17 glasses.

1.1) Sample preparationand the experimental methods.

The preparation of the RErsB,7 and FesErigBi7 glassribbon by the chiltblock melt
spinning method has been explained previously [10]. A quantity of 0.16g4frfB17 glass
ribbon was take from the existing sample for the magnetisatiogasurementsvhich were

made using an Oxford Instruments Vibrating Saniégnetomete(VSM). The samplavas
mountedin a plexiglass cylinder on a conventional sample stick. Four runs were made, with
H=1.0T andH = 2.0T over 3K <T < 199K and theid = 0.5T over 3K<T < 296K, plusH =

0.1T over the same temperature range, With sample cooled in zero field (ZFC). These
temperature ranges covered the ferrimagnetic compensation temperature of the sample at
Teomp = 112K, but not the ferrimagnetic Néel temperature, expected to be around Tiy = 350K,
because of an upper limit onetloperating temperature of the VSM. The data were obtained
in units of Anfkg™ versus K and convertetb magnetic moment per atoversus K, using the
atomic number density of the glass 8.68%Homs kg and the equality i = 9.274x10
24Am2.

The second series afeutron experiments wasadeat the IN20 spectrometer at the Institute
LauelLangevin, using a cryomagnet with a vertical magnetic field. AdggEr oB17 glasswas
measurednside an aluminium can at 100K, 112K and 125K (all in a fieldTof ® studythe
changes in magnetic structure which occur at the ferromagnetic compensation temperature
Teomp = 112 = 2K. e measwement wasalsomade at 180K to provida consistency check
with the previousseries ofmeasurementgLO]. This gavea total of seven measuremens

the Fe4sEndBi7 glass at 1.5K, 60K, 100K 112K, 125K and 180K (x 2) androrasurement

was also maden a FegErsB;7 glass at 2Kand 2T This sample was more ductiéed could
bewound on dlat framewith appropriate cadmiurshields.The data in all these scawere
recorded with incident wavevectoks = 2.6623* and k = 4.1A. Someof thedata points in

the regions Q = 3.1A%, 4.38* and 5.4 * canbe contaminated bRragg peaks ém the
cryomagnet or the sample hold8ince these Bragg peaks areense in comparison with the
small crosssections it was simplest to omit theontaminated points from the dafBhe
analysis required to obtain the four spiependent scattering cressctions in absolute units

from the rav data, has been explained by us previously [1, }§, 12
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2.0) Magnetisation measurement™(T) v. T for the Fe;4Er19B17 glass

Figure 1 shows the four magnetisation curtv&3) v. T obtained for the RgErBi7 glass
plotted in units of Arfkg™ and K. The data is almost identical to that obtained by Szymanski

et al on a FesEngBis glasswhich is shown in Figure 1 of [9], including the field dependence

of the magnetisation. The valuesM{T) are low < 25Arkg” with minimum values aT ~

114K, where the ferrimagnetic compensation occurs. The true reversal of total magnetisation

is not revealed because the absolute magnitude of the sublattice magnetisations

IM (T )+M (T ) is measured [13

(o0
o

' ! ' 1 ' T ' T T T '
S 29
= 20
QA
-
< 15
- 0.1 Tesla (ZFC)
'.g 10 0.5 Tesla
g 5 1 Tesla
o 2 Tesla
e 0| _________ _
S
s 5L, -
-10 . L . . L L L L L

0 50 100 150 200 250 300
Temperature (K)

Figure 1 The bulk magnetisatioNl(T) v. T of the Fg4ErgB17 glass is shown, measured in
fields of 0.1T (zero field cooled), 0.5T, 1.0T and 2.0T. The minimum valuefare at T

~ 114K, close to the ferrimagnetic compensation temperature Teomp = 112 + 2K, where the
magnetisation directionctually reverses.



2.1) The sublattice magnetisations

The derivation of the spontaneous magnetisation cuw€E)/M (0)v.T/T,, and examples

of the vector sum of the neaquivalent sublattices which describe the ferrimagnetism in the
(FeRE)3B17 glasses are presented in all the standard textbaislf3]. The data set at 0.5T

from Figure 1, was taken as representative (and also measured over the wider temperature

range) and converted to magnetic moment per atom, which is more convenient for the
neuron experiments. The saturation value @#7) ~ 25Anfkg” corresponds to 7! =

0.34 per atom which is similar to the moment of ar*Bon ( ug = 9.5up aligned
antiparallel to the moment of an elemental iron afom., = -2.2ug) at the FguErigBi;
concentration,

(019x95)— (064x 22) = 040 4.

The ferrimagnetic Néel temperatufg, of the FgsEndBi7 glass is required to creathe
reduced magnetsisation curved (T)/M(0)v.T/T,, but was outside therange of the
measurements. The valdg, = 350K was chosen afteome trials and extrapolations aisd

similar to 7, = 330K measured for a k&ri9B1s glass [9.

Figure 2a shows a first attempt to describe the measured temperature variation e@arthe m

collinear magnetic moment per atofj_. , which has been plotted with a change of sign at

Tcomp The two compositionally weighted contributions mol,. from the erbium and iron
magnetic subattices are represented by,

) =0.19 x 9.5 xM (T)/M(0) obtained withJ= "2 and,

. =-0.64x22xM.(T)/M(0) obtained withJ= S="%.
The calculated variation ¢fie mean collinear moment with temperature,

Hloye = 1 — T,

is shown by thelashed line which remains positive for all temperatures and obviously fails to
imitate the experimental data.

The calculation was then reversed ahd open pointsn Figure 2b showthe variation of

moment on the erbium atoms which would keguiredto produce the measuredean
collinearmomentzz!!__,

ﬁélr requ = ,L_l”meas - ﬁllle '



In order to produce the classic type of compensation in a ferrimagnet, the setgpresif

one sublattice has to fall more rapidly with temperatoaa the other [13]. Comparingz,!
in Figure 2awith 7! «qu N Figure 2b and ignoring the discontinuity, suggestsahat
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Figure 2 The measured temperature variation of the mean collinear magnetic moment per
atom gz = in FeyEndBi; glass is describethy a modelusing the classical reduced

magnetisation curves in Figure aad with a modified magnetisation curve for the erbium
moments in Figure 2b.

arbitrarylinear reduction toz! would imitate thez,! equ Successfully. Using the end points

of the experimental data (0.008, 1.694) (0.845, 0.617) and the corresponding values of

1) ., gave a reduction factor of,



R(T/T, )= 0.937-(0.384xT/T,,) (1)

The new, smooth variatioof the erbium moment with temperaturg! equ 1S Shown by the

dashed line in Figure 2b. Tinew variation of (ﬁE”r o — ﬁF”e) with temperatug is shown by

the centralkcontinuous line in Figure 2b, which matches the corresponding data points very
well. This figure is almost identicab the schematic figures which illustrate ferromagnetic
compensationn the standard texts [L3The ferrimagnet compensation is predicted to
occur atT/T,, =0.288, rather than at the minimum/df7) at T/T,, = 0.326.

Note that it has not been necessary to chénge&= %2 curve for the iron sublattiaa this
demonstration. Intra-sublattice interactions generally cause the magnetisation of one
sublattice to reduce more quickly than the other and here they may be attribvaedtions

in the random conangle ofthe erbium sublattice. In‘dlled cone” structure, thenagntude

of the magnetic momentsemains unchanged and thpgint at all angles to the magnetic

field within thecone. The mean component of the collinear moments is then given by [9],

i'= u(l+cosv)/2 )

wheredis the semivertex angle of the cone. Alternatively the reduction could be caused by a
minority of the erbium moments orientated antiparaitelthe majority, which &s been

proposed for the iron sublattice in [9].

2.2) Refinement of the model
Figure 2 shows that it is feasible to describe the magnetisation curves offbe.Be; glass

using a model in which the erbium and iron atoms carry similar moments to those in their

elemental state. To refine this model, the actual moment vajygs and |u| at the

Fes;sErgB17; composition are required. We have previously used a Linear Reducing Model
(LRM) to describe the variation of magnetic moment in the (FeRE)glasses [4, 12
where the iron and rarearth moments have their elemental values at small rare earth
concentrations and fall linearly with composition to the point where thentggnetism is
suppressed [4, 14]. This concentration is higher in the (ReBgr)glasses, because the
moments areddter sustained [5, 6] and an LRM with®£80% gives the saturation values of

the total momentsy., = 1.68s and ., = 7.24, for FesEndBiz [12]. At low
temperaturegandbm cone angles ok~ 36° and &, ~ 60° have been suggest¢d], so

Equation 2 givesi !, = 1.524s and z! = 4.534 for the parallel componengt saturation



The steps shown in Figure 2a were applied again to the data, using these new mam@ent val
The compositionally weighted contribution ta' from the iron z |, ., magnetic subattice
is,

Hlea =+ 0.64x1.52 xM_(T)/M(0) obtained withJ= S= %, (3)
which describes a reduction in moment caused by acaltinear state which follows a
conventional magnetisation curve. TBimplification can probably be defended because the
random cone angles in the iron sublattice are relatively snialstibscripeg in Equation 3
means the moment values have been adjusted to giterlgB17; composition and the positive
and negative signs correspond to the temperatures above and Bglpvespectively. The
graphof Equation 3and the experimental data were usedeaf®re, to deduce thadjusted

variation of the contributiorrém the erbium momentseeded to produce the measured data,
Ml o5 =F 084x il x Mg, ,4(T)/M(0) (4)
The calculatios showed that the LRM had underestimated the valugzbfwhich had to be

increased toz! = 6.64s, although its variation with temperature was still adequately
described by a linear correction,

R(T/Ty )= 1462-(0.796xT/T, ). (5)
The intercepand slope of the correction terms are different in Equations 1 and 5, since the
proportionality between th@!'_ and 7! moments has now changeecaise of the different
values ofé:c and &, given above.

These parameters can be changight/yto ensure that the minimum of the calculated curve
is close to the minimum in the experimental data which has toedooates (0.331, 0.057).

Changing either of the values gf!. or 7! gives better agreement one side 7§, and

worse agreement on the other. Allowing the value if to fall less rapidly with
temperature (by altering the slope in Equation 5) moves the calculated vallig,»fo
higher tenperaturesThe calculated curve is very sensitive to this and a 7%ctieduof the

slope to 0.746 was sufficient to produced the best agreement. The vaTl/é*f,Qfat which

the structural reversal occurs was also adjusted slightly, but this almegkiced
discontinuities in the calculated curve. The best overall agreement between the calculated
curve and the experimental data iwh in Figure 3a, which is plotte illustrate the
reversal of the two magnetic sublattices/al,,and with the experimental dapaesented in

the same way as in Figure 1. The level of agreement is quite satisfactory giventihe rela

9



simplicity of the model.The mean values of the ltoear components of the moments

‘,u I adj‘ and‘ygr «j| @re presenteih Figure 3b, together with their weighted mean. Whilst.

2 J T ' T J T J T J

1.5 (a) * u ”meas F':'Fe adj

ul Tl ol

I’I'Er ad§+uFe

S i T

=
o o

. O
- O

Magnetic moment (uB)
(0 0]

-2 . 1 . 1 . 1 . 1 .
0 0.2 04 0.6 0.8 1

1§ Jo

Figure 3 The measured variation of the mean collinear magnetic moment perzgtam
FessEroBi7 glassis compared with a calculated variation based «()TaE”, o + I adj) in

Figure 3a The reversal of the two magnetic sublattices &, is depicted and the

experimental data is presented in the same styla &gure 1.The values of lullilradj and

/Jﬂeadjin Figure 3bshow how they combingo give small values ofz! over the whole
temperature range.
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the two moment values are quite different, they produseall net moment over most of the

temperature range

2.3)Magnetic moment values and the transition at 7comp

The mean parallel components of the momemt$ and z ! from the magnetisation data

are given in themiddle colunns of Table 1. The values which were upeeviously in the
calculation of three sp#lip crosssections [12] are given in the left hand columns of the

Table. They were based on an LRM and on the published literature [5, 6, 9]. The Table shows

that the values ofz ! at 1.5K and 60K (which are both close to saturation conditions) and of
Zy at 180K (3.64s : 3.92u8) and 60K (5.15s : 5.82u) are comparable in both studies.

However,the new value ofz !, at 180K (1.4%s) is larger by= 17%and that ofz! at1.5K

(4.56u5 : 6.584) appears to have been underestimated in [12]. An underestimate of the size
of the momentcan of coursepe compensated ithe calalations of the sphilip cross
sections, byust increasing theone angleds,. The moment values at 112K in Table 1 are

obviously consistent with the ferromagnetic compensation
064u! - 019z =0.64x1.51 —0.19x5.060.005uB.
Comparing the present moment values with those obtained elsewherewthalue ofzz! =

6.584s means that the total moment on the erbium atoms must be in the regipp of

8.8us, if the random cone angle 65, = 60° as suggested in [9]. Our previous experienite

the (Fe,ThysB17 glasses [414] led us to doubt that the erbium moment in the (RgHar)
glasses changed slowly on alloying [6, 7], but this indeed appears to be the foasetion

from previous magnetisation and Mdssbauer spectroscopy measurements [5, 6, 9] on simila
samples haalreadybeen incorporateinto the present analysiso this has led measuref
agreement. ie moment values obtained from XMCD measurements on &ejgrphous

thin films [7, 8] on the other hand, appearbe consistently higher than the present values
even alloving for the fact that the momewnalues in binary Fe,Er amorphous alloys [6] are
always ~ 0.5 greater than in ternary (Fe,Hrjet glasses [6, 5]. In additioto this
discrepanyg, preliminary results from recent XCMD measurements on material from our own
FessEroB17 sample, suggest that the reversal of the magnetic structufg,gmay not be
sharp, but take place over a large temperature rang@0K [15. The calculations othe
magnetisation curves were therefore modifiedmitate a gradual reversal of the magnetic
structure by using temperaturdependent weighting factors for the two sublattioesr the

11



range7< 25K < 7< 150K. The resulting curve was moreundedjn pooreragreement with

the data and failed to give the depth at the minimum ffes at 7zomp
To summarise, theanalysis of the magnetisation data tggen a set of z! and z!

moment values fothe FessEnoBi7 glass at the same temperatures 1.5K, 60K, 100K 112K,
125K, 180K as the neutroneasurementdt will be shown in the next Section that they lead,
with minimal refinement, to a coherent analysis of the -fijpnneutron scattering cross
sectionsand thus provide description of the noegollinear structurgin this glassand their

variation with temperature.

Mean collinear componenig! of the magnetic moment i
Sample calfcrﬁlrgtit:r?s of
and T from an LRM fromM(T) v. T e
temperature [12] do
oQ
il I =l Il I I
Hre He Hee Her Hee Her
F&.78Er0.05B0.17
2K - - - - - 1.87 8.00
Fén.64Er0.10B0.17
180K 0.517 1.23 - 3.64 1.45 -3.92 1.46 -3.83
180K 0.517 - - 1.45 -3.92 1.46 - 3.84
125K 0.353 - - 1.51 -4.89 1.50 - 4.66
112K 0.318 - - 151 - 5.06 1.13 -3.79
112K (2) 0.318 - - 1.51 5.06 0.00 0.00
100K 0.284 - - -1.52 5.25 -1.51 5.25
60K 0.182 -1.53 5.15 -1.52 5.82 -1.5p 5.81
1.5K 0.008 -1.52 4.56 -1.52 6.58 -1.5p 6.5p

Table 1 The mean collinear componeryg

will be preseted in Section 3.

, 1), of the magnetic moments are givemn

The left hand columns give thvalues derived from arear reducing model (LRM) in []12
the middle columns give the values from the magnetisation measurements and thendght ha
columns give the refined values from the calculations of the spin flip-sext®ns, whio

12



3.0) Analysis of the spirflip cr osssections of the(Fe,Er)g3B17 glasses

The two non spilip crosssections andhe two spinflip crosssectionsare measured
sequentially at each data point in thelarised beam neutron scattering experimehte

spinflip crosssectionsobtainedwith the present experimental configuratiare definedn
Equation 6using the normahotation,where% is the nuclear spin incoherent cross

section andre superscripts (4/refer to the initial and final spin states of the neutron,

[ bt e @Yesslote )

ij

dc" 90" _ 200

22 =22 - . (6)
o o0Q 3 0Q

Theydepend on thaon-collinear components pL(Q) of the magnat scattering amplitude,

p*(Q)=2695u" f(Q) fm. (7)
which containghenon-collinear component of tlneagnetionoment 4" in Bohr magnetons

and f(Q) the magnetic form factowhich lies between 0 and [16]. Whenthe spinflip
crosssections are larger tha§ of the nuclear spin incoherent cross secti%;gg—s', they

provide direct evidence of a n@ollinear configuration of the magneticoments which has

finite 4" values.

Figure 4showsthe mean of the twei% , g—g spinflip crosssectionsin absolute units of

barns steradiahatom’ for the FegErsB17 glass measured at 2K afat the FgsErioB17 glass
measured at 1.5K, and 6QKom [12]) andthe present measuremeat 100K, 112K 125K
and 180K All of these spifflip crosssections are finite with a negative slope and thewlhre
greater than the nuclear spineherent crossection. This showthatthere arenon-<ollinear
magneticstructuresin both glasseswhich existover an &tended temperature range in
FessEroBi7.

If the magnetic moments point in random directions with no spatial correlationgcibreds

term in Equation 6reduces to<pl 2(Q)> and the crossections follow a forrfactor
dependence witl,

dc* 9o’ L2 T
2292 003620, 7" 12(Q)+ce 7 £2(Q) ®)

in units of barns steradidraton’. This behaviouis illustratedin Figure 4.
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Figure 4 The mean of the twspin{lip crosssectionsaai/aQ, aai/aQ for the FegErsB17
glass at 2K are shown 4aand for the FgEr¢B;7 glassat 180K 4b,125K 4c¢,Teomp = 112K
4d, 100K 4¢ 60K 4f[12] and 1.5K 49[12]The open point<O arewith k; = 2.662A* and the
closed points® with k = 4.1A™%. The incoherent crossection is shown by the dashed line
and the solid and dotted lines are théculated crossections
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Calculationswere madef thesespin{lip crosssections - sinceit is notreally practical tofit
the experimental databecause of the myriad choices of the input parameters in the

calculations and the rather limit€drange of the daté&tarting withthe Fg4Er9B17 glass, the

total moments |u.| and|u.| were based on the LRM described in Sectioan? their

componentsiz!, 7zl and iz &, zc, were calculatedor “filled-cone” structures with semi

vertexangles 0 € < 90°. Thecomponents of the dmear moments arf],
"= u(l+cosh)/2 (previously Eq 2)

and 1" = 1% (1+cosf+cog6)/3 (9)

Thevalues of thecorresponding i, zze. > componentswere tabulated againgtandused

+F
from the two magnetic

with Equation 8to identify the possible contributions ’%
Q=0

sublattices. The Q-dependenceof the crosssections was introduced using the seven
parameter fits to the form factors of the*Fand EF* ions from [16]. The relative
contributions from the erbium and iron sublattices to Equatiare8ignificant because their
form factors have difrentQ dependencend change the shape of the calculated eross
section. he curvescalculated over0 < Q < 7.0 were finally superimposg on the
experimental datand theprocess was repeated systematically for small changes of the input
parameters, uibtit was judged that the best agreement betwheralculation andhe data

had been obtained. The continuduees in Figure 4show the calculated spitip cross

sections

The important new input tothese calculationsr comparison with [1R was thatwhilst the

1’ and g ? components werdeing choserto produce the calculated sdiip cross

sections they were also requiredo be consistent wittthe colinear componentsz/, 7!
which wereobtainedn Section 2A comparison of the middle and thght hand columns of
Table 1 shows thahis was achieveth every case, except at T = 112K, where e, 7!

values which emerged from calculating the dfim crosssections were smaller thahose

obtained from the magnetisation data

&L 2

Table 2 giveshe moment componentg ™ *, .., 1. > and the random cone anglés,,

6., which were used to calculate tBpinflip crosssectionsat each temperaturélhe two
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data sets at 18QKvhich were obtained in twguite different experimental periods on IN20
yieldedalmost identicaparametergyiven in adjacent rowef the Table. This confirms the
internal consistency of these experiments and their anafygige 4shows that the spifiip
crosssection at 12K is the largest one measuraddin the row labelled 112Khe cone

anglesd,,, 6 have been increased account for this. Thez!, 7! are then reduced, as
observed, since theotal moments || and|u.| do not change significantly over the

temperaturgangel00K — 112K — 125KThe parameters in the row12K (2) data will be

describedn Section 3.2 below.

Magnetic moment ur. | Magnetic momentug,
Sample 2—30 n |7t e | O | e | luel | Ge® | He”
temsgfature be?_afl n up | inue n p | inse n o
Fe&.78Er0.05Bo.17
2K 0.045 1.24 2.00 300 0.51 9.0p 39° 16]71
Fe&.64Er0.19B0.17
180K 0.146 4.02 1.60 34° 0.41 6.00 74° 19(78
180K 0.153 4.21 1.60 34° 0.41 6.10 73° 20\77
125K 0.182 5.01 1.645% 359 0.46 6.95 70° 24,81
112K 0.264 7.23 165 685 1.3p 7.20 87° 33.61
112K (2) 0.281 7.74 1.65 180°P 1.8 7.20 180° 34.56
100K 0.206 5.68 1.66 35° 0.4y 7.60 62]5° 28.32
60K 0.184 5.06 1.67 35° 0.4Y 1.75 6Q° 25|03
1.5K 0.232 6.38 1.68 36° 0.50 8.75 6Q° 31(90

Table 2 The forward Iimit‘aaﬁ/aﬂ‘Q:O of the spinflip crosssections and thenean

square valuesf the noncollinear momentsz*? are given as a function of tempéaure. The
parametersised to calculate the spilip crosssections; the total momenps|; their mean

square non-collinear componengs' ? and the random cone angl@sare also given.

The calculation of the meapin{lip crosssection of the FgErsB17 glass measured at 2K

and 2T was more difficult for a number of reasons. First, it was the smatisssection in
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magnitude and subject to the largest statistical uncertainty. The magnetic moment values
were less well known and there were also semal systematic differences between the data
recorded with thég = 2.6624™ andk; = 4.1A incident beamsSuch smaltrosssections are
difficult to measure with completeonfidence, because they are close to the experimental
limits. Their absolute magnitude &so influenced bysmall variations in the polarisation
corrections which have virtually no effect on the magnitudes of the laogespinflip cross
sections.

Rather than trying to obtain meaningful parametEmsn this mean crosssection the
calculdgions were used to show thatwas consistent with th@on-collinear structure which
was proposed in [p and eventhen a smalladjustmenthad to be made tds absolute
magnitude. ie “empty cone” structureith || = 9.Qiz and fg = cos'(8/9) = 27°[5]

was imitatedwith a “filled cone” structurgto use thesamecomputer codgswith a larger
cone angle to givéhe same value ofi**. The parameters of the calculation are given in

Table 2 and the continuous lima thedatain Figure 4suggests thahe crosssection is at
least consistent with the presenceafoneollinearstructure inFe;gErsB17 at 1.5K.

3.1) Random cone or spatially correlated magnetic structures in FegsEr19B;7 glass?

The measuredpin{lip cross sections of FgErsBi7 and of FesErgB;7 at 1.5K. 60K and
180K follow a form factor dependenedth Q quite well although the data points of the
crosssections for FgEr¢B;7 at 100K. 112K and 125ksuggest that there might also &e
sharperfeaturearound Q ~ 3.1A™. The form factor dependenaeith Q corresponds t@
random (uncorrelatedrrangemendf magnetic moments arageparturesrom thisimply the

presence ofspatial correlations between the naollinear compnents u:, and g . A

strong positive feature in a scattering cresstion atQ), leads, in a sine Fourier transform, to

a positive featuren real spacet r, :gé—ﬁ - seepages 84-D of [17]. Using thisrelation
p

with O~ 3.1A™, givesa radial distance of =~ 2.6A which is similar to the weighted mean

first neighbour distanc€.63) in Fes,ErgB17 obtained usinghe Goldschmidt radiof the

metal atoms and the tetrainal covalent radius of boron. If suchemtureexistedin the spin

flip crosssections it would meanthat there wee correbtions betveen the ., g

componentsat the first neighbour distanceat leastfor thosetemperatures close t@.omp

Unfortunately,the statistical quality of the data and the spacing of the data mmmnist
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permita clear featurg¢o be defined. Bchof these neutronmeasuremesttookseveral hours
so that scans ofone or moredays would be neededo improve the& statistical quality
significantly. This would be difficult to arrangegiven the heavy ovedad on thelN20

instrument In any casethe Fourier transform dd sing/epeakat a fixed value ofp provides
little informationin real spaceother than the characteristic distarrcand possibly dasic

periodicity,asexplainedin the context of metallic glassesFigure 12 of [18].

3.2) Evidencefor a compensated sperimagnetiphasein the FessEr 19B17 glassat Teomp.
Equation 8shows that when@ = 0 and 7=«Q) and 7z(Q) are both unity, the ter in the

square brackets e compositional average of the square of the-qudimear moments

7+ 2 Theforward limit \aaﬂ/aQ\Q:o of the spinflip crosssectionsand the values of7* 2,
of the Fe4ErigB17 glassare given inTable 2and thevaluesof ‘80“/89‘(?:0 are plotted as a

function of temperature in Figure 5. At 112I)faaﬁ/aQ‘Q:O = 0.262barns stradiar atom'

is 26% and 46%greater than théwo neighbouring valueat 100K and 125K respectively

The total moments|u,| |u| arefixed at agiven temperature anthe mean squareon-

collinear componentgz.. ?, 7z > have their maximum valueshen therandom cone angles

Ore, O tendto 180°. It was explained in Section 3.0, thithe random cone angleé-., Gz
had to be increased in calculating the dpmcrosssections at 112Kwhich led to smaller
values ofthe 7', 1! componentdrom those obtained from the magnetisation data. This
suggests that it may be necessary to neadtistinction between thgeneral variation of the

magnetisation with temperature and what happersaily 7...,, The calculationof the
spin{lip crosssection &112Kwasrepeatedising thevalues,

|,uFe| = 165u,, 6= 180° and |,uEr

= 72u,, = 180°.

These parametedescribea speciakompensated sperimagnetic state, sinceEquations 2 and

9 show that the mean componenid,, 7! go tozero when the cone anglés, s goto
180°andthe sample has no net magnetisation. This is somewhat similar to the speromagnetic
state defined by Hurd as a spbase of ferromagnetism, in which “localised moments of a
given species are locked into random orienatations with no net magnetisa@hnrie main
difference is thatwo different magnetic species are involtegterather than ond\ote that
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under the conditions given abowiee mean square componeni@.?, 7?2, mL?, mi?,

remain finite a4 and % of their total value respectivelgnd this is what maximises the spin
flip crosssections The calculated spiilip cross section for iB secondconfiguration is
shown by the dashetine in Figure 4and he parameters for thisalculation are given in the
row markedl12K (2) in Tables 1 and.ZSincethe seconcatalculation (dashetine) givesa
slightly less goodamatch to the datahan thefirst (solid line), the identification of the
compensategperimagneticstate at7.,,, cannot be made witbonfidencefrom Figure 4

alone.
The sum and difference of the nuclear andllinear magnetic scattering amplitudes

(bi p”(Q)) will be requiredin the analysis of the non spilip crosssections inPart II and

they provide furtherevidence of this compensategerimagnetic statat 7..,, They were

calculated using the accepted values of the nuclear scattering amphtufle3] and the

p”(Q)(Q:0 obtainedby substituting thez!!, 7z values from the right hand columns of Table 1

'g 85

< 0.28

© 80

_— A
< 75 'E-
..(]:') 0.24 ,5=
%)

g 70 %’
g 0.2 65 ?
e 60 =
% 0.16

B 1 1 ] 55

S 0 50 100 150 200

Temperature (K)

Figure 5 The forward Iimit‘aaﬁ/aﬂ‘Q:O of the spinflip crosssections of the kgEroB17
glass is plotted as a function of temperature and its value peaks digune 112K. The

compositional averages «é(b— p”(Q))>2 and <(b+ p”(Q))>2are plotted and the two linesoss
close to Teomp = 112K.
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and

into an equivalent of Equation 7. The compositional averages<(lmfr p”(Q))>2
Q-0

(b-p'@)

(2) in Table 1was used to plotthis Figure but esen omittirg that pointthe graphsof

are plotted as a function of temperature in Figure 5. The data from row 112K
Q=0

<(b+ p“(Q))>2‘ and <(b— p”(Q))>2‘ will clearly cross closeio Teomp = 112K It is most
Q-0 00

unlikely that ths could occurbecause o numericalcoincidencebetween the values tie

bs and p'(Q)s (which would need to exisiver five differenttemperatures). Thebvious
interpretation is that thez!, z! components go to zero @ because @ompensated

sperimagneticstate is established ateciselythe point of the ferrimagetic compensation.

Thiswill be discussed again Part Il .

4) Condusions

Magnetisation measurememT) v. T on aFe;sErgBi7 glass wereanalysedo identify the
component®f the magneticmomentsneeded to interpret the neutrscattering datan this
glass. A phenomenological description dhe magnetisationrwas usedin which the
magnetisatioron the erbium sublattice fell more rapidly widgntperature than the reduced
magnetisation curve witll = 2. This was refined using magnetic moment values
appropriate to thd=es4ErigB;; composition. Blarised beammeutron measurements were
made onFegErBi; and FessErngBi; glasses to supplemerdgarlier measurementsn
FessErgB17. The finite spinflip crosssections confirmed that the(Fe,ErksBi; glassesare
non-collinear ferrimagnetswhich can belescribed by a sperimagnetic structursvhich the
magnetic moments on the iron atoms point in a random ¢@tast antiparalto a random

cone of erbim momentsThe noncollinear components of the momenis,* and 7 °

required to calculate theeutron spirflip crosssectionswere chosen to be compatible with
the collinear components of the momenid , 7! from the magnetisatiodata as well as

the values of the random cone angles obtagisewherdrom bulk measuremen{9]. The
momentvalues fromthe magnetisation data needdtle refinement toproducea consistent

description of the measuregpin{lip crosssections Thetemperaturesariation of thecross

sectionsand of the collinear componenof the total scattering amplitusle(b? p”(Q)}Qz0
suggested the presence of a special compensated sperimagnetic ghage=at12K. The
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ferrimagnetic compensatiors therefore characterised by an equality of the magnetic
sublatties; the reversal of theagnetic structure and @mpensategperimagnetic phase
which occursat exadly Teonp.

In Part Il of this work, the non spiflip crosssections which werealsoderived from the
raw data in absolute unitsyill be analysed with a Fourier transfarfhere will be no
adjustableparameters in this analysi®ther than magnetic moment valuegich are
specified in Sections 2 and 3 above. Tésutts will provide alescription of theatomicscale
structuresn the two glasseand their variation with temperaturefies,Eri1oB;7.
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