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ABSTRAGr 

'Ihe spin wave dispersion relaticn in a body centered cubic dis

ordered ferrornagnetic alloy Fe-V has been measured by means of neutrcn 

inelastic scattering. 'llie rreasurerents were perforned with the 

triple axis neutron spectrometer for the. sanples of Fe alloys ccntaining 

7.6, 8.7, 13.5, 16.0 and 18. 7 atomic percent V over a wide range of the 

excitaticn energy from 5 to 60 reV at 290 K. r.'easured spin wave 

spectra are analysed with the equaticn of E = D q2(1 _ aq2) in the 

region of the large wave vector q and the stiffbess ccnstant D was 

determined for every speciIlE!l as well as the value of e. 'Ihe observed 
. - - °2 

values of D cnce increase with V ccncentrations from D = 290 rreV A for 

pure Fe, and tend to the value of about 400 meV A2 for the alloy with 

high V ccncentration. In the leM energy region, the spin wave spectrum 

deviates from the above equaticn. 'Ihe magnitude of the deviation is 

larger for the specirrens with smaller V concentration. The energy 

at which the deviation appears shifts fran low to higp as the ccn-

centration of V :increases. For sore specirrens with higtl V ccncentraticns, 

the deviaticn shows a maxinrum. 

This kind of the anomaly Observed in the spin wave excitation 

may be attributed to the effect of the 1npurity node to the continuous 

spectrum and is the first exarrple observed in a fe~rna.gletic disordered 

alloy. 
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I INTRODUCTION 

In recent years much interest has grown to :Investigate the Daglet

tic excitations in ferTOnagletic transition netais and their. alloys. 

~asuremmts of the spin wave spectrum of ferrorragletic transitioo netals 

Fe, Co and Ni have been made by neutron inelastic scattering over a 

wide range of the energy(l)-C3\y several authors. rrbeoretica1 works 

have been made to expla:ln the experinental results of the sp:in wave dis

persic:n relatic:n and the recent calculation by Cooke and Davis is a suc:,::_ 

cessfUlexanple explaining a whole spectrum of spin wave excitation of 

Ni and Fe.(4),(5) 

Q1. the other hand, a small mmber of works has been nade :in the dis-

oroered ferromagletic alloys both experimentally and theoretically. ~a

surenents of the spin wave have been made only in f.c.c. Fe-Ni alloys 

and f.c.c. Ni-Co alloys for the relatively wide range of the excitatic:n 

energy of up to 30 neV. (6)-(8) 'Ihe spin wave stiffhess ccnstant D of ferre

JmgJ1etic Fe based alloy Fe-Ni, Fe-Co, Fe-Cr and Fe-V has been determined 

for small wave vector q with the snaIl angle and the diffraction method 

of neutrons by Harwell group. (9) ,(10) 

Interest to investigate the spin wave excitations in the disordered 

ferrorragletic alloy cc:nsists of two aspects. Q1.e is the electron-atom 

ratio dependence of the stiffhess constant D. '!he spin wave stiffhess con-

stant D of alloy is described with the exchange interactions between coo

stituent atoltB, J AA' JBB, J.AB in the .AB b:ina.ry alloy, and their nagpetic 

norrents in the Heisenberg nodel. 
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From the variation of D with the c~centration of the alloy conposition 

the exchange interacticns can be obtained from the exper.iIrent as was 

often done in the Ni-Fe alloys. (7) , (9) In the itinerant electron nxx1el 

the stiffhess constant D depends on the average magnetic noment and the 

exchange band splitting and m a detailed way on the electrcnic band 

structure. 'lhe variation of D with alloying'reflects the change of those 

pa.raneters, which are theoretically to calculate. Early estiImtions of the 

variation of D in the Fe based 3d transition rretal alloys were made with 

the rigid band nodel (R.B.M.) by Lowde et al. (10) 'lhe cOherent potential 

approximation (C.P .A.) approachs on the calculation of D in the ferro

magnetic alloy are recently developed and calculations of D in the Ni-Fe , 

Fe-Co, Fe-Cr alloys were made by Edwanls and Hill (l:;)and Riedinger and 

Nauchiel-Bloch~12) 

'Ihe other subject is the possibility of an appearence of the anomaly 

in the spin wave spectrum, the resonance node, due to introducing inpuri

ties. 'lhe existence of the localized or the resonance modes in the phonon 

spectrum has been experinentally confiI'I1'Ed in the disordered alloy sys

temS(13)and the theoretical explanation has been also gtven. (14) In the 

magpetic system there exist alnost no exper.i.mental works to investigate 

the inpurity node in the disordered alloy, except of the observation of 

the resonance node by the inelastic incoherent neutron experirrent in the 

Fe-Ml alloy. (15) Althougp the existence of the inpurity rode is predicted 

theoretically in a single inpurity case (:;6)-(18)the DEchanism of the mag-

netic excitation in the disordered system has not been revealed at all. 

- 3 -



In this paper the neasurenents of' the spin wave excitations in the 

disordered f'erromagpetic Fe-V alloy system have been reported. In this . 
e~r:i.nent the spin wave excitatic:ns were neasured over a wide rang,e of' 

the excitaticn energy up to 60 neV with the triple axis neutron :inelastic 

coherent scattering nethod. 

'lhe choice of'the Fe-V alloy system as a sanple is supported with 

the f'ollowing experinental and theoretical informations. 'lhe b.c.c. Fe-V 

alloy is a f'erronagpet, the transition temperature of' which rises f'ran 

that of' Fe Tc= 1041 K with increasing the ccncentration of'Vanadium atom. 

'Ihe average nngpetic monent and the magpetic roIIErlts of' individual atorrs 

were experinentally obta:ined with the neutron mgpetic elastic and the 

magpetic dif'fuse scattering experinEntsby Collins et al. (;9) Child and 

Cable, (20)and Yanashita et al. (21) lJheir results show that the average 

mgpeticronent decreases as increasing the V concentration and the 

rnagpetic ronent of Fe, however, remains almost constant value of' about 

2.21lB• Vanadium has a relatively ~arge nagpetic ronent about 1.O~, the 

direction of which is antiparallel to that of' Fe at the low ccncentration 

of V up to 20 at. % • Such experinental results are theoretically well 

mderstood with the recent C.P .A. calculation by Kajzar, (22) and Ha.Imda 

and Miwa. (23) 

There exists no exper:i.nent on the whole spin wave spectrum. 

'Ihe stiffhess constant D has been obtained with the diffraction IIEthod 

by Lowde et al. (10) 'lhe stiffhess constant D is known to increase 

from the value of Fe with the concentration of Vanadium. 
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In Fe-V alloy the average rrorrent decreases as a concentraticn of V, 

while the stiffhess constant increases. In the other Fe based b. c. c. 

transition rretal alloys the concentration variations of the average 

morrent and the stiffhess constant exhibit sane tendencies qualitatively. 

In the disordered feITomgpetic alloy the inpurity to host sp:in 
, 

ratio s/S and the inpurity-host to host-host exchange ratio J/J are 

the para.rreters of the possible excitation level of the irrpurity node. 

In the disordered Ni-Fe feITOrna.gpetic alloy the observation of a 

resonance rode has not· been_ reported up to date. If the resonance 

rode really exists in Ni-Fe alloy, this will appear about the energy 
. , 

of 200 rreV, that was estimated using the following values; J/J= 

0.3 .... 0.5, Ernax = 1250 rreVand s/S = 4. 'll1e experiIrEntal difficulty 

prevents from observ:ing such a _ higp energy excitation. 

In the Fe-V alloy system the reasonable ratio ;//J cannot be 

estimated from the concentration variation of D and Tc. 'nle spin 

wave band width of Fe is accounted much smaller than that of Ni. 

In Fe-V alloy the fact that the spin of V atom is antiparallel to 

that of Fe is different to the case of Ni-Fe alloy. Fe-V alloy 

system may be different f'rom the other 3d-transition rretal alloys. 

From above mentioned informations the Fe-V alloy system is expected 

to have a large effect of V inpurity in the spin wave spectrum. 

'Ihe results of our experirrent are analysed in two po:ints of 

view IIEntioned above. 'Ihe value of the stiffhess constant D becoIIEs 

larger corrpared with that of Fe, Dpe = 280 rreV 'A2 at 2g0K with 



increasing V concentration.. '!his f'actagrees well with the results 

of' previous work. (10) lJhe concentration dependence of' D is explained 

qualitatively with R.B.M. 'lhe obtained spin wave spectrum cannot 

be described with the sinple Eq = Dq2(1_Sq2) law and exhibits 

anorrelous f'eature which may be due to the random rnagpetic inpurities 

introduced in the f'erromagnetic-host. 

In Sec. lIthe JrEthod of neutron inelastic scattering is briefly 

described. lJhe sanple preparation and the experiIrental detail with 

its analysis are described in Sec. lIT. lJhe experiIrental results 

are discussed in Sec • IV. 
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IT NEurnoN INELASTIC SCATIERING 

'Ihe inelastic scattering of neutrons resulting from the creation 

or annihilation of a single spin wave quantum is subject to the 

conservation ccnditions for energy and IlK)IIE!ltum, 

E~ = :1: (K 11 - 1-<: ) - - -K~ +Q = KI - ~-Q = 27t L. + 9.. 
~. ~ 

where Ko and K' are the incident and final neutron wave vectors. 

'Ihe vector q is the wavevector .of the spin wave and E is its excitation 

energy. 21fT is a reciprocal lattice vector and Q is the scattering 

vector. With the triple axis spectroreter it is possible to vary 

one of two variables q and E, while tre other is kept ccnstant. 

'Ihe constant E scan is mainly errployed for spin waves. with bigtl 

energy. 'Ibis is due to the very higtl spin wave gr'oup velocity relative 

to the energy- morentum correlation of neutron, which is oblique 

~ 01 -in E-q plane with the slope of 4.144 Ko reV A- , where Ko is the 

incident neutron wavevector. In contrast to phoncn scattering 

eJq)eriIlEnt, 21fT is lirrd.ted to the first or second lowest Bragg 

,reflections in the spin wave scattering because the scattered intensity -decreases strongly with increasing Q, due to the magp.etic form factor. 

'Ihe fnstI'UIlEntal resolution corrections which arise because .. 
of the finite, rather large, size of the neutron probe in E-q space 
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JIUlSt be always considered :in the neasurerrent of inelastic scatter:ing, 

when the line width and the intensity of neutron groups will be 

discussed. We did not have a.iIred in this experiIrent to cbtain the 

spin wave life tinE or the intensity. '!he resoluticn ftmcticn is 

discussed by Cooper and Nathans. (24) Resolution ftmcticn is given 

in the form, 

R (OO.+AOO ~ t+t.Q) - Rc ~)(P {-! L2: MK4. XK Xt J 

XI;::' dQ" J X2 =AQy , XJ = LlQ~ r X4- :AW 
-+ 

R is the optimum value of the resolution flmction R(w ,Q ). Ro and o .00 

:r.tu are :involved ftmctions of Ko' wo' Qo and TM, nA, ~, dA, 

o.i=0,3= f3i =O,3' where Ko i~ the wave vector of incident neutron. 

wo' ~ are frequency and scattering vector. nM, nA are the horizontal 

mosaic spread of monochrormtor and analyser. 0.0 ' ~ ,0.2' 0.3 and 

130 , 131, 132 , 13
3 

are the characteristic horizontal and vertical angle 

of the colirmtors and <\Jr, dA the spac:ingp of the monochrormtor and 
~ 

analyser. The dependence of the resolution flmction on t:.w, t:.Q is 

Gaussian. '!he locus of po:ints in w-Q space for which the resolution 

flmction has a value of half rraximum is given by an ellipsoid, 

which is refered as the resolution ellipsoid. 

'!he observed intensity for a given scattering cross section C1 is 
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For our e)(per:iIrl=ntal condition the resolution matrix M were calculated, 

using the e)(pression :in their text. InstruI'IEntal ccnditions were 

listed in Table I. and calculated resolution ellipsoids at several 

energies and scattering vectors for TUNS and HB2 spectrorreters are 

shown in Fig. 3(a). '!he resolution ellipsoid crosses the dispersion 

surface with a long principal axis almost perpendicular to it. 
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III ExperinEnts and Pesults 

(i) Sanple Preperation 

Five Fe-V sanples of Vanadium concentration 7.6, 8.7, 13.5, 16.0 

and 18.7 at. % were prepared :in this experinent. fue concentration range 

of specinens in the experim:mt is limited :in b.c.c. phase. In the phase 

diagram of Fe-V alloy system y-loop extends to about 2.0 at. % V. From 

2.0 to 23.0 at. % Fe-V crystallizes in CL phase and from about 23.0 at. 

% V crphase is mixed to CL phase. Raw materials of both 99.5 % Fe and V 

were nelted together and grown into single c:rysta1 in the Bridgman 

furnace. fue VOlUIIE of the sanple is 0.2"'1.0 cc. Specinens of 7.6, 8.7 

and 13.5 at. % were annealed at about lOOO°C for a day. Ch 16.0 and 

18. 7 at. % V anY thennal treatIlEnt was not mde in order to avoid the 

mixing of cr phase. fue concentration of 7.6 and 13.5 at % V was checked 

by chemical analysis and of others not yet done. 

(ii) Experinents 

'Ihe experiIrEnts were perforIIEd with the TUNS triple axis crystal 

spectroIlEter at JRR-2 and with the HBlA and HB2 triple axis spectroITEters 

at the higp-flux react~r HFIR at ORNL. SpeciIIEns of 7.6, 8.7 and 13.5 

at. % V were neasured at HFIR and of 13.5, 16.0 and 18.7 at. % V were 

ITEasured at JRR-2. A neutron be~ of fixed energies EO= 33.0 neVand 

29.8 neV was incident an the sanple and the distribution of scattered 

neutrons was ITEasured at 'JRR-2. Energy-of scattered neutrons was fixed at 

E = 20.7, 24.8 and 41.4 neV with varying incident energies of neutrons 

- 10 -



at HB2. Energy of incident neutron was fixed at E = 14.7 rreVat HBlA. 

As the dispersion curve is very steep in the ferromgpetic rretals 

and alloys the constant energy rrode of operation was taken with both 

neutron energy loss condition, i.e. spin wave creation in the sanple, 

and neutron energy gain condition. Except in the sarrple of 8.7 at. % V 

two modes of the scan gl. ve the Sa.Ire dispersion curves. In the experirrent 

trials are moo to neasure on the better condition, say, to obtain 

large intensities. 'lhe neutron cross section of the spin wave is written 
d2-0- K/ l - - .. .... 4 ... l t A/LI- ) ~ - «"') -t)) f(Eq -E)S (Q -<:!-21t-C) + <n) rCE1tc)S (Q.,.q-lltC) 1 
wt..~t: Ko t 

where <n> is the Boltzmarm factor. In this experinEnt the intensity of 

scattered neutron was larger in the neutron energy gp.in condition than 

:in the neutron energy loss condition. 'lhe reason is considered as f'o-

llows. Considering the energy of incident neutron is 30 rreVand the 

spin wave quantum of 20 neV is excited. 'lhe energy of' scattered neutron 

is 10 neV for the energy loss process and 50 rreV f'or the energy gain 

process.' The spin wave creation process has a factor <n~land annihilation 

process has<n> . in the cross section. At 300 K (9bove factor) * (K/Ko) is almost 

SanE in both processes. The main contribution to the intensity is attr-

ibuted to the energy divergence of'the scattered neutron to an angle. 

We neasure (d2a/dOO0) instead of (d2cr/dOOE) in the experlrrent. Both 

terms are related as follows 

(:;;e) ~ A 
( 

ci ~a-- ) 
dn.dE 

The tmcertainty of energy lead to :!1l.rger angular divergence of scattered 

beam for the creation process than for the annlhilation processr~ 
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Angular divergence of scattered beam is limited by the analyser to 

counter collinE.ter and thus a reduction of neutron intensity takes place. 

'lhe reflectivity of analyser may be saturated. The reflectivity is given 
,A4 'Fl 

R = 2sin 1 e V 

'lhe estimation of above IIEIlticned values is made for both ccndition. 

From the results of the estinBtion we can see also that the IIEasureIlEIlt 

in the energy gain condition is better than that in the energy loss con

dition. The est1nation is gtven in Table II and both IJEasurenents were 

conpared in figure 1. 

The (002) plane of pyrolitic graphite with mosaic spread of 25' 

was used as a monochronator and an analyser an TUNS and ::EffilA. 'lhe ~ (101) 

plane of Be crystal was used on HB2. Samples were m:runted with (001 J or 

(liD) crystal axis vertical and the scattering vector Q is on the plane 

vertical to its axis. 'Ihe neasureIIEIlts were taken around the (110) 

Bragg point along (OO~) direction or (~~O J direction of m:mentum tran

sfer q. Scans were taken on the focusing .conditicn of the dispersion 

curve and resolution ellipsoid. The focusing effect is less sensitive :in. 

the exper.i.IrEnt of the ferronagpetic netals hav:ing the steep dispersicn 

from the reason IIEIlticned in Sec.II. At the low excitation energy a 

large peak of LA phonon excitation covers the spectrum of the sp:in wave 

excitatic:n. In order to avoid such a disturbance:l scans were perforrred 

such as along (~~O) directicn from (110) Bragg point in the plane verti

cal (001) axis, in which georretry LA. phonon was scarcely. observed be-

-~ -cause of e· Q term in the cross section, where e is the polarization vector. 
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Both reasurerents al~g the(OOE;) and (E;~O] directim ~st coincide and 

an anisotrapy of the excitatim energy almg the symrretry direction was 

not observed. 

(iii) Pesults 

Tte typical spectra obtained with constant Escan in each speciIrEn 

are shown in figure 2. Measured range of energy transfer covers frorn.5 

to 60 reV. Peaks of the observed spectra are all well defined. 

Exper:im:mtal full widths at half ma.xi..nrum of peaks for the sanples . 

of 7.6 and 18.7 at. % V are illustrated :in figure 3(b). '!he cmdition 

rreasured is follow:1ng. 7.6 at. % V was rreasured using Be IroIlochrormtor 

and analyser. Scattered neutron energy was fixed and scans were taken 

almg the (~~O) d1rectim. '!he FWH:M3 of pure Fe are also given for 

corrparison which were taken in the sarre geOIIEtry as in 7.6 at. % V and 

give a.J.loost the instrurrental resolutim. 18.7 at. % V was IIEasured with 

the different condition as before, that the (002) plane of PG was used 

as m::>nochrorna.tor and analyser and incident neutron energy was fixed. 

Scans were perforned along the(E;OO]direction with the spin wave armihi

lation condition. '!he resolution f\mctionsof the instrt.lJl'Ent are calcu

lated and shown in figure 3(a). In figure 3(b) the straigtlt line in the 

18.7 at. % V sanple represents the calculated width where the life tiIIE 

of spin wave is assurred to be infinite. 'llie straigtlt line in 7.6 at. % V 

is drawn as a guide for observed widths of Fe. The line width of spectrum 

m3Y be whole due to the lnstI"UITEntal resolution. We can see sligtlt devi

ations of IIEasured widths from that of the resolution f\mction aromd 

10 reV in 7.6 at. % V and 20 rreV :in 18.7 at. % V, at tb,ose energies 
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disperSion . curves. haVe anom:D.ies as shoWn later. We don3 t argue further 

about the l:ine Width" because IIBasureIlEnts were performed with the loose 

instrumental condition without considering to discuss about the line 

width of observed spectrum. 

The dispersion curve of each sanple was obtained by taldng the cen

tral point of scattered neutron distribution in wave vector transfer for 

each constant E spectrum. Backgrounds were suitably subtracted from obse:

rved intensities. rrhe anbiguity of taldng the central point of spectrum 

0-' due to subtracting backgromds was estimated at JIK)st as 0.005 A at low 

energy region, where phonon spectrum stands near the ma.gp.on peak. Obtai

ned dispersion curves were shown in figure 4. The anbigutiy of determin-

ing the dispersion curve ·occurs also by statistical fluctuations of obs-

erved intensity. M:!asured intensity Nat each wave vector po:int is assu

IlEd to have statistical deviations of 1: 2fN. rrhe probability of finding 

intensity :in this region is 0.95. All corrbinations of the possible inte.

nsities N, N+2!N and N-21N at a certain wave vector point for all trEasu

red points M, thus 3M sets of spectra3 are taken. 'Ihe distribution of the 

central wave vector q for all -fI sets was nade with the canputer simula-

tion. 'Ihe full width at half maximum of this distribution function is 

• -. --I smal1 3 about 0.005 A at the lCM energy of about 20 trE V and 0.02 A at the 

high ene~gy of about 50 IIBV. In figure 5 obtained points for ever const

ant E scan were plotted with erTor bar in the speciIIBn of 13.5 at.% V, 

in which deviations in wave vector q from the fitted curve, as IIEntioned 

later3 were shown. Althougp the obtained points scatter relatively 3 sca

ttering is conparable with error bar as seen in figure and snaller than 
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the deviation of' dispersion relation. 

In figure 4 Cf') dispersion relations ID the 7.6 at.% V sanple f'or 

the dif'f'erent SyrmEtry directions [O~Ol, [~OOl and [~~O] are shown with 

closed circles, cross points and open circles respectively. lmy sigpifi

cant dif'f'erence anong them has not been observed at least up to 60 rre V 
. . . 

in the Fe-V alloy, as was also the case in Fe netal. Althougp the syste-

matic rreasurenents were not made, the anisotropy of the spin wave has 

not been detected for the other specinens beyond the e~rinental error. 

The solid lines in figure 4 are the fitted curves to the equation 

E = D q2Cl - f42) with the procedure rrentioned later. 'Ihe dashed curves 

represent E=nl curves drawn USIDg the D values obtained by Iome et alflO) 

In figure 4 Ca) the dispersion curve of Fe obtained also ID this experi-

nent is shown as a corrparison. 
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.IV ANALYSES AND DISCUSSIONS 

(i) AnaJyses of the· exper:I.nEntal results 

'Ihe excitation energy of the spin wave in the ferromagpetic IIEtals 

and alloys is ccnveniently written as the power law 

E = 0 ~~ ( If -p 1..2. ) , 
where D is the spin wave stiffhess ccnstant and B is a pa.rarreter, which 

represents a deviation at large q from the quadratic dispersion relatim. 
2 ~-

In order to obtain the stiffhess constant D and, B, E/q values were plo-

tted against q2 for each concentration. E/q2 versus q2 curves ~ shown 

in figure 6. In the sanples of lower concentraticn 7.6, 8.7 and 13.5 at.%. 
2 . 2 

V, E/q values rise very steep for small values of q and ~ almost 

linear to q2 for large values of q2. !]he rapid increase of E/q2 around 

small values of q2 may indicate whether the excitation energy has a finite 

gap at q = 0 or it has a dependence of wave vector in the first order. 

In rather concentrated samples of 16.0 and 18.7 at.% V, E/q2 is nearly 

linear in the entire range of q2. In the sanple of 18.7 at.% V, roreover, 

E/q2 points tend to deviate sligptly downward f'rom the straigJlt line 

around small values of q2. ExtrapOlating the straigJlt l:ine, which is the 

fitted curve to E/q2 values around large values of q2, to q = 0 we have 

obtained the stiffhess constant D and B from the E/q2 value at q = 0 and 

the slope of the straigp..t line respectively. Obtained values of D and B 

for all specinens are given in Table IIT and plotted with the cmcentra~ 

icn of V in figure 7. Closed circles in figure 7 show present and open 
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circles previous resUlts. by Lowde et al., which were corrected at 290 K. 

Using obtained values· of D and e the dispersion curves were drawn with 

the solid lines in figure 4 • 'lhe stiffhess constants obtained in this 

experimmt are sonewhat larger than, but alm::>st agree with those of 

Lowde et al. 'lhe value of D in the Fe-V alloy increases conpared with 

that of Fe with the concentration of Vanadium. 

As was nentioned above anomaly was observed at the low energy region. 

We next see, whether the excitation energy has a gpp at q = 0 or the 

first order tenn in q. '!he dispersion relations were fitted to the equa

tion: E = EO+ Dq2(1_ eq2), where EO denotes the energy gap, with EO' D, 

e as the paraIIEters. Obtained values of EO' D, e are given :in Table IV 

and illustrated in figure 9 .. As expected the dispersion curves have 

finite positive gaps at q = 0 in the specimens of 7.6, 8.7 and 13.5 at.% 

V, and a negative gap in the sarrple of 18.7 at.% V. In the coocentraticn 

region of the positive energy gap obtained D and (3 becone lower than 

those obtained by E/q2 versus q2 plot, and vice versa in the region of 

the negative energy gpp. 

E/q values were plotted against q, from which the dependence of the 

excitation energy on the first order tenn in q can be obviously seen, in 

figure 8. 'Ihe situation was the SaIIE as before. In the sanples of 7.6,. 

8. 7 and 13.5 at. % V relation of E/q to q was drawn with the straight 

line: E/q = C+ Dq for smll q region. Extrapolating to q = 0, E/q has a 

finite value, which nearlS that the excitation energy has a dependence of 

the first order term in q. In the other speciIIEns E/q crosses at the ori-
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· . gin, and no Q dependence waS. gLven. Obtained· values·. of Cand Dwere. gl. ven 

in Table TV and illustrated in figure 9.· If the· first·· order term in Q 

are taken into account,. the value of D, of course,· becoIIEs smaller than 

that obtained before,· assurrri.!lg no or finite energy gap in the excitation 

energy. 

SUJII1'E.!'izmg the analyses made above, it seems that the dispersion 

relation cannot be described sinply with the E = rq2 (1 - eq2) eQuaticn. 

If there exist anisotropic exchang,e interactims between spins, the ex-

citation energy has a energy gap at q = O. Such possibilities of having 

anisotropy however are little in 3d rretals and their alloys. '!he excita

tion energy of spin wave has a Zeerran term :in the· nagpetic field, but it 

is not the case in thiS experirrEnt. Theexcitation energy depends on the 

first order in q at small q region in the case of antiferronagpet, it is 

also not the case. Therefore, it is difficult to expla:in that the excita-

tion energy of spin wave has a finite gap at q = 0 or the first order de

pendence :in q in the ferrornagpetic Fe-V alloy. 

In figure 10 deviations of IIEasured points from the observed dispe!\- _ 

sicn curve of Fe are plotted aga:inst the excitation energy of Fe. If the 

excitation energy is dependent on q as E=Lq2(1_Sq2) for both Fe rretal 

and Fe-V alloy, and B s are assUIIEd to be constant, the energy di.fference. 

E - ~ is in propotion to ~ and its constant is gl. ven by (D/~ - 1). 

In the Fe-V alloy (DfI\e - 1) is positive as already seen. In the s:iJnply 

* diluted ferrormgpetic alloy such as Fe-Al alloy (DfI\e - 1) beCOIIEs 

* '!he spin wave excitation :in the Fe-AI alloy· was recently IIEasured by 

Y. Nakai et al. at HFIR at ORNL. 
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negative. We can see in .f:igure 10 the difference E - E1e is not propotion

al to E1e for the Sanples of small V concentration. In order to see this 

anomalous effect in detail, deviaticns of the dispersioo relatioos from 

the fitted curve were also plotted ~ga,:fu.St --the wave -~ Vector q :in figure 11. 

'!he dispersioo relatioos deviate upward at too snall q region:in the 

lower coocentration spec:inens, and are en the fitted curve in the 16.0 at. 

% V and becorre lower than that :in the 18. 7 at. % V specirren. 

We have already seen that too deviation nrud.Imlm locates around 

srrnll q or E region and shifts from lower to higtler energy as :increas

ing V concentration, when the dispersic:n relatic:n was fitted to the 

E=Lq2(1_aq2) equatic:n at the large wave vector regicn. Using !Dwde's D 

d~viations of rreasured po:ints from the ·E=Lq2(1_aq2) equaticn were replo

tted aga:inst the energy in figure 12. Its reasc:n is that the diffraction 

rrethod or the small angle rrethod, with which c:nly q2 dependence of the 

excitation energy is rreasured, is more conventienal than triple axis 

nethod for rreasuring D :in the small q region. In the 18.7 at.% V devia

tions becone upward around the energy of 20 rreV, differ:ing from :in 

figure 11. 

We next see, if the above equation describes well the dispersion 

relation at small q region, how alter the paraneters such as D andf3. 

In figure 5 another straigpt line can be drawn at SIJB.11 q2 regicn, 

which gives larger D and a than those before, for exanple D = 600 rreV 

and f3 = 9.0 A 2 in the 7.6 at. % V alloy. In this case the dispersic:n 

curve deviates largely at the higj:l energy region or it seems as if there 

were two kinds of spin wave excitation, c:ne of which propagates domi.-
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nantly with.lmg wavelength and the· other with short wavelength. 

The possibility that thiS anomaly is attributed to the ef.fect o:f 

coupling with phonon is igrlOred by the following reasons. F.i.rst, any evi

dence of such anomaly has not been observed :in pure Fe (2) and :in the 

Fe-Si alloy (2) , from which it seems that this effect is not due to intro

ducing the inpurity to cause a phonon -magpon interaction. In the relation 

to this fact, this anomaly disappears in alloys with V concentration higtl

er than 16.0 at.%. I:f the phonon-magpcn :interactim is induced by irrpurity, 

its e:ffect should be large at higtl inpurity concentration. 

This anomaly :in the dispersion relation has not been observed in the . 

disordered :ferrorragpetic alloy in which the sp:in wave rreasurerrents have 

been made up to date, such as in the Fe-Ni alloy or the Ni-Co alloy systems. 

This is first observed :in the Fe-V alloy :in this experi.Irent. In sane disord-

ered ferromagnetic alloys the spin wave excitation energy may not be descri

bed with the sirrple wave vector dependence such as E = D q2 (1 - Sq2). fue 

excitation node due to the magpetic inpurity migtlt be taken into aCCOl.mt. 

to understand the whole excitation spectrum. 
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(ll) . 'Ibeoretical estimation of the stiffness constant 

'Ihe estiIration of the variaticn of D with the compositicn of con

stituent atoIlB is usually made with the Heisenberg model. In the disord

ered binary ferroIrr:igpetic AB alloy, considering the excha!lge interacticns 

between constituent atoms as J AA' JBB and J.AB ' the spin wave stiffness 

constant D is described as 
l' ,~)-

o = 11/3 ~ Rn J e* S 

J,~' sa = '" S 1 J (U r _ C' (' J (2) 
'j CA A AA -t 2 CA o...e ~A~& 1'6 .,. 

S ... CAS A -+- CsSe 
n 

J ~~)= :2 -, L it,r) (Y'Rn) , 
where lh is a separation of the nearest neighbour atoms and J~) is 

the second morrent of the eX,change interaction J AA • SA and cA are the 

spin and concentration of A atom respectively. Using the exper.i..Irental 

values of SFe and Sv and the exchange interaction JFe~~ , which was 

obtained in the Fe-Ni alloy by Hartherly et al~9) and assurred concent-

raticn independent, the exchange interaction between Fe and V atoms 

(2) (2) (2) JFe_V was estimated. Assuming J Fe_
Fe 

and J
Fe

_V to be concentraticn 

independent, J~:~ nrust be chosen relatively large in order to explain 

the exper:J.nEntal results that the stiffhess constant increases with V 

concentration. Result of estimation is given in Table V. If JFe:~) is 

chosen as JFe:~) = -4.0 JFe:~ , an agreerrent can be obtained and it 

is illustrated in figure 6. Child and Cable have estimated IJFe:~) / 

JFe~~ 1"'2.8 from the concentration dependence of Tc (20). JFe:~ may 

change with the concentration of V, since JFe~;~ takes the contribution 

into accomt, not only of the nearest neighbour exchange interactions 

- 21 -



but of long rB!lge interactions, and interacions between Fe at011lS may be 

dependent on the configuration around Fe atan. The concentratien variation 

of JFe~~ was obtained for I JFe':~) / JF~~ I = 0 and 1, and illustrated 

:in figure 13.It may be 'true in real system that JFe':~) is relatively 

large and also JFe~;~ changes \dth the concentration of V. 

Early calculations of the long wavelength spin wave energy in alloys, 

using the itinerant electron picture, were based en the rigid band model 

with suitably adjusted electron density of state and the exchange split

ting. Following Wakoh's formulation (25) the stiffhess constant D is 

given as follows, 

D = 3~~ ( % { H (E+)+ t1(E_){ - 5:: M (<:-)dE ) 

H (E) '" ~1L3 I ~ , VE" 1 c;{s 
)-. E~.~ , 

where A is the exchange band splitting, and E+ and E_ are Fermi.. energies 

of up and down sp:in electron bands. m represents the average atomic 

magpetic IIOIIEnt of the alloy in Bohr rna.gpeton unit and A is the 3d band 

index. V is the vo11.llIE of the crystal. M(E) is a IIEan square velocity 

ftmction and analogous to the usual density of state ftmction N(E). He bas 

calculated D of b. c. c. Fe using the band structure calculated by his own 

and above formula. In the case of the alloy the rigid exchange splitting 

is determined by the density of states of the based netal and the average 

rnagpetic IIOIIEnt in the rigid band m:xie1. In our estimation exper:i..Inmtal 

values of the average moIIEnt in the Fe-V alloy and the calculated density 

of state curve N(E), and M(E) curve, which were used in the calculation 
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of b.c.c.Fe by Wakoh, were also used. '!he estinE.ted concentration vari

ation of D was drawn with the dashed curve in figure 7 and with the 

solid curve in figure 14, in which the value of pure Fe was norrmlized 

as a wit. rrbe D :increases as the Vanadium atoms are introduced :in the 

Fe host also in the calculation. At the concentraticn of 10 at. % V 

the increase of D is about 20 % in the estimation, but 35 % in the exp

erirrEnt. 'Th.e experirrEntal value of D of Fe is 310 IIEV A2 at 0 K. Wakoh's 

calculation of D however results to 80 rreV 12. A large discrepancy lies 

initially in Fe between the exper:i.rrent and the calculaticn. An absolute 

value of D differs therefore by a factor 4 between the experimmt and 

the calculation also in the case of the alloy. But the qualitative agr

eeIlEnts are obtained betwe~n the experiIlEntal and R.B.M. results. 

'!he increase of D with the V concentration is explained :in detail 

:in R.B.M. Because the spin of V is antiparallel to that of Fe., decrease 

of the average electron nurriJers due to introducing of V atoms results 

the decrease of the electron nurriJers of the majority or up spin band. 

'Ih1s leads a large change of E + compared to E _ and the exchange band 

splitting energy is reduced in a large am::>unt. (il the other hand the 

area enclosed by M(E) curve and the straight line between M(E+) and M(E_), 

which is proportional to D from above equation, does not change so much. 

As a result the D becorres large. 'Ibis feature is illustrated in figUre -15. 

C.P .A. approaches for calculating the stiffhess constant D have 

been developed by several authors. In NL-Fe alloy the calculated value 

of D by Riedinger and Nauchlel-Bloch agrees well with the experiIIEntal 

results. 
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(iii) SOIIE remarks on a 

Iescribing the spin wave dispersim relation phei1OIJEno1ogLcally 

E = D q2(1 - (3q2) in Heisenberg feITomagpet, a is given 

..l. 
~ J(r) r~ 

20 ~ :I(y> r 1. 
r 

and in the case of binary alloy 

7 r2.J -
veil oS 

I 

J 

where expressions were sane as in the previous section. Considering the 

interaction J only between nearest neigj:lbours, a is only. of dependence 

m a lattice spacing; (3 = ~ / 20 • In the case of Fe a is estinE.ted as 
01 01· 

0.3Aand experirrental results was obtained as lA-.Inthe Fe-V alloy a 
changes little or slightly increases from the value of Fe with the con-

centration of V. rrhis fact indicates that the lmg- range interactions 

and the higher order nDITEnts in the q expansion of excitation energy must 

be taken into account. Since the stiffhess constant D changes with the 

concentration of V, the biquadratic contribution of q becoIlEs larger :in 

the dispersion relation of Fe~V alloy than of Fe. These tendencies were 

also observed in Fe-4.0 at.% Si alloy, in which D decreased but B :increased 

from those of Fe. 
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As a ccnclusion 

(i) Anomaly of q depen.derice of the excitation energy was observed in 

the dispersion relation :in the Fe-V alloy. 'Ihe dispersion relation can

not be described with the sinple E = D q2(1 - Bq2) equation. Its devi-

ation from the above equaticn has a concentration dependence. 

(ii) Anisotropy of the sp:in wave dispersion along the SymrIetry direc

tions has not been observed up to 60 rreV. 

(ill) '!he stiffhess constant D, obtained by fitting tre dispersion rel-

ation to the above equation at l.a!ge q region, rises from that of Fe 

with the concentration of V and tends to aboutltOO rreV A2 at about 15 at. 

% of Vanadium. Heisenberg m:xlel and the rigid band IIDdel were used in 

order to e:xplain the e:xperirrental results. In the Heisenberg IOOdel .rFei~) 

was determined relatively large, if .rFe~~ was assurred to be concentraticn 

independent. In the rigid band model the estimated concentration varia

tion of D agrees at least qualitatively with the e:xperirrental results. 

(iv) f3 changes sligp.tly from the value of Fe ~= 1.0 A2 \'lith the con

centration of V. 

(v) '!he anormJ.y of dispersion seems not to be attributed to the magnon

phoncn coupling. 
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TABLE CAPTION . 

Table I Instrurrental conditions of neutron spectrorreters. 

ao, al, a2, a3 represent horizontal collimation angles :in degree 

of inpile, rronochronntor to sanple, sanple to analyser and analyser 

to counter respectively. nM and nA are- mosaic spreads of 1OOl10chro

nntor and analyser in degree. ~ and dA are the lattice spacing 

of rronochronntor and analyser :in Angptrom. 

Table II Corrparison of scattered :intensities in neutron energy loss 

and gain conditions. 

Table III Concentration variation of D and. S, obtained by F/q2 versus 

q2 plot at large q region. Values of Fe were also given for corn-

parison. 

Table IV Obtained paraneters EO' D, S and C, D 

The dispersion relation is described E = EO+ lX}2(1_Sq2) with 

. 2 
energy gap EO and E = Cq + Dq :includ:ing q term 

Table V Estinnted values of stiffhess c~tant D and JFe~~ taldng 

suitable pa.raIlEters in Heisenberg model 
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FIGURE CAPTION 

Figure 1 The distributions in wave vector transfer of scattered 

neutrons in the neutron energy loss and gain conditicns. 'lhe 

energy of incident neutron is 29.8 rreV. Neutron intensities in 

the case of the creation and annihitation of spin wave quantum, 

the energy of which is 19 rreV, are illustrated. 

Figure 2 The distributions in wave vector transfer of scattered 

neutrons from (a) 8.7, (b) 7.6, (c) 13.5, (d) 16.0 and (e).l8.7 

at. % V Fe-V alloys at 290 K in constant energy scans at various 

energies. Peaks are all well defined. EO denotes the energy of 

.. incident neutron and E, of scattered neutron. 'Ihe direction of 

:~ scan is written in the figure. 

Figure 3 (a) Calculated resolution ellipsoids in E-q space. 

'lhe resolution ellipsoid is calculated at various E and Q on the 

dispersion surface. TUNS denotes the spectrorreter used at JRR-2. 

lIB 2 at HFIR at ORNL. 

(b) Experirrental line width (FWHM) of the spin wave 

excitation in 7.6 and 18.7 at. % V. In 7.6 at. % V the l:ine 

widths are drawn with closed circles and the experirrental line 

widths of Fe :in the SanE condition were also plotted with open 

circles. 'lhe straigp.t line is drawn for a guide to eyes. In 18.7 

at. % V the widths of the calcutated instI'l.1IIEntal resolution 

ellipsoids are drawn with the straigp.t line. Associated instrumen

tal conditions were listed in Table I. 



Figure 4 The spin wave dispersion relations of Fe-V alloys ~ for 

Ca) 7.6~ (b) 8. 7~ Cc) l3.5~ Cd) 16.0 and Ce) 18.7 at.% v. 

The solid lines are dralm in the" manner as discussed :in the text. 

The dashed lmes near the origin represent the dispersion curves 

with D values by Lowde et al. In figure 4 Ca) the dispersim 

relation of Fe obtained also m this experimmt is shown. In fig

ure 4 Cf) the spin wave dispersion relations are also gi.ven for 

various SymtIEtry directions m 7.6 at.% V sanple. Open and closed 

circles and cross po:ints represent the I1Easured pomts aleng [~~O] 

[O~O] and a-OOJ directims respectively. 

Figure 5 ExperiIrEntal error irr wave vector for various constant E 

scans. Scattering of obtained pomts is comparable with error bar 

and sna1ler than the deviatim of dispersion 

Figure 6 E/q2 versus q2 plot for each cmcentration of V. 

'Ihe straigtlt lines are the fitted llnes with E/q2 values at large 

q2. From the value of E/q2 at q = 0 and the slope of the straigtlt 

line~ D and B are determined. E/q2 values of Fe are also plotted 

with open circles. 

Figure 7 Vanadium concentration dependence of the stiffhess con-

stant D and B at 290 K. Present values of D and B are shown with 

full circles and open circles represent the values of D by IDwde 

et al. for conparism. 'Ihe solid line is drawn with taking JFe~~ 
= 18.2 I1EV and J~~~ = -4.0 JFe~~ m Heisenberg rrodel as discu

ssed in text. 'Ihe dashed llne is the estimated concentraticn vari-

aticn of D with the rigid band IIDdel. 



Figure 8 E/Cl versus Cl plot for each cmcentration of V. 

Extrapolatmg the heavy straight l:ine to q;"'O -' C and D are deter-. . 

mined from E/q value at q=O and slope of this line. The ligtlt str

aigpt lines were drawn with C=O and D values obta:ined from E/q2 

2 versus q plot. 

Figure 9 Conparison of paraIlEters obtained with different analyses: 

1) E = 1XI2(1_Sq2), 2) with energy gap EO' E = EO+ Dq2(1_Bq2) and 

3) with q term, E = Cq + Dq2 • 

Figure 10 Ehergy difference of the excitation energy of Fe-V alloys 

from that of Fe plotted versus the excitation energy of Fe. 

Straight l:ines indicate E-~e = (D/l1te -1) ~e equations. ~viation 

from the straigpt line ;is clearly seen. 

Figure 11 Ehergy difference of the excitation energy of Fe-V alloys 

from the fitted curve plotted versus wave vector q. '!he curve was 

fitted to rreasurec1 points at high energy region as discussed in text. 

Figure 12 Energy deviations of the excitatim energy of Fe-V alloys 

from the calculated curves with using D's by Lowde et aL 

Figure 13 Concentration variation of J F~~ • 
'Ihe cases of IJFe~~) I JFe~~ I = 0 and 1 are shown. 

Figure 14 Reduced stiffhess constant D/DFe versus V concentration. 

Estimated concentration variation of D/DFe using RBM is drawn wuth 

the solid Ime. 'Ihe concentration variation of T is also shown with 
c 

the dashed Ime. 

Figure 15 Concentration variation of the band splittmg energy and 

area enclosed M(E) curve and the straigpt l:ine between M(E+) and 

M(E_) in the Fe-V alloy in RBM. 
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Zusamrrenfasstmg 

ras Spinswellen" Dispersionsverhhltnis in den .rci.umzentralen kubi;'" 

schen tmgeordneten ferrormgpetischen Fe-V Legiert.mgen ist durch die 

tme1astischen Neutrooen Streu~gen geressen worden. Die Messtmgen 

wurden mit dem drei-achsigen Neutronen Spektroreter an den Proben der 

7.6,8.7, 13.5, 16.0 tmd 18.7 atomischen Prozent von V in den ~iten 

Bereichen der .Anregtmgpenergie vom 5 bis zum 60 reV an. 290 K durch

gefUhrt. Die geressenen Spinswe11en Spektren sind mit der G1eichtmg 

E = D q2(1 - B q2) auf den relativ grOBeren Wellenvektorbereicheh 

analisiert. Die ScubrnOdulkO:1Stante D tmd B wurden fur die einzelnen 

Probe bestimmt. Die GroBe von D vergroBert slch einst mit der Konzent

ration von D = 290 reV A 2 "( von Eisen) , tmd sattigt sich auf 430. neV 

'A2 an den Probe von 16.0 at.% V. In den niedrigen Fnergieberich das 

Dispersionsverh8.ltnis weicht von der oben gegebenen G1eichung ab. Die 

Abweichtmg hat die Kcnzentrationsabhfulgigkeit. ter Eereich, wo die ab

weichtmg der Hochst ist, schiebt sic~ von der niedrigen zu hoheren 

EhergLe. Die im Dispersicnsverhli1tnis beobachteten Anorralie mag zu 

der Effekt der magpetischen Eingesetzte zugBschrieben werden, die der 

ersten Eeispie1 beobachtet in den tmgeordneten ferromagnetischen Legie

rtmgen ist. 


