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ABSTRACT

" The spin wave dispersion relation in a body centered cubic dis-
ordered ferromagnetic alloy Fe-V has been measured by means of neutron
inelastic scattering. The measurements were pe'rfome'd with the
triple axis neutron spectrdmeter fbr the sanmples of Fe allbys cantaining
7.6, 8.7, 13.5, 16.0 and 18.7 atomlc percent V over a wide range of the
excitation energy from 5 to 60 meV at 290 K. | 'Meas;ur'ed spin wave
spectra are analysed with the equatio of E = D g°(1 - 8q°) in the
region of the large wave vector q and the stiffhess constanﬁ D was ‘ '
determined for every specinen as well -as .the. value of B. The obsérved

values of D ance increase with V concentrations from D = 290 meVvV 2\.2 for

pure Fe, and tend to the value of about 400 meV A® for the alloy with
high V concentration. 1In the low energy negion, the spin Vwrave spectrum
deviates from the above equatim. 'Ihe- magnitude of the deviation is
“larger for the specimens with smaller V concentration. The enerér
at which the deviation appears shifts from low to high as the con-
centration of V increases. For some specimens with high 'V_ concentrations,
the deviation shows a maximm. |

'Ihis kind of the anomaly cbserved in the spin wave excitation
may be attributed to the effect of ’ﬁhe impurity mode to the continuous
spectrum and is .the; first exanple cbserved in a ferrb_mag;netic disordered
alloy. '



I  INTRODUCTION

In recent years much interest has grown to inveétigate the magﬁ.et—‘
tic _excité.tions in ferromagnetic transition metals and their alloys.
Measurements of the spin wave spectrum of ferromagnetic transition netvals
Fe, Co and Ni have been made by neutron inelastic scattering over a
wide range of the energy(l)-(B)by several authors. Theoretical works
_ have been made to explain the experimental results of the spin wave dis—
persion relation and the recent calculation by Cooke and Davis is a suc—
céssﬂil example explaining a whole spectrum of spin wave excitation of
Ni and Fe, (#)5(5)

On the other hand, a small nunber of works has been made .:'Ln the dis-
ordered ferromagnetic alloys both experimentally and theoretically. Mea-
| surements of the spin wave have been made only in f.c.c.' Fe-Ni alloys
and f.c.c. Ni-Co alloys for the ielatively wide range of the excitation
energy of up to 30 meV.(s)—(s) The spin wave stiffness constant D of f‘efro—
magnetic Fe based alloy Fe-Ni, Fe-Co, Fe-Cr and Fe-V has been determined
for small wave vector q with the small a'nglev and the diffraction method
of neutrons by Harwell group. (9),(10) | | |

Interest to investigate the spin wave excitations in the disordered
ferromagnetic alloy consists of two aspects. One 1is the electron-atom
ratio dependence of the stiffhess constant .D.v The spin wave stiffnhess con-
Stant D of alloy is described with the exchange Interactions bétween can-
m> JBB> I8
moments in the Heisenberg model.

stituent atoms, J in the AB binary alloy, and their magnetic



From the variation of D with the concentration of the alloy conpbsition
the exchange interactims can be obtained from the e@erﬁ.ment as was
often dane in the Ni-Fe alloys.(7)>(9) m the 1tinerant electron model
the stiffhess constant D depends on the average magnetic moment and the
exchange band splitting and in a detailed way on the electronic band
'stmctu_n_e. The variation of D with alloying reflects the change of those .
_parameters, which are theoretically to calculate. Early estimationsof the
variation of D in the Fe based 3d transition metal alloys were made with .
.the rigid band model (R.B.M.) by Lowde et al.(lo) The ccherent 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 Edwards and Hi1111)end Riedinger and

Nauchiel—Blochflz) _
The other sitbject is the possibility of an appearence of the anomaly
in the spin wave spectrum, the reSonance mode, due to introducing inpuri-f
ties. The existence of the localized or i;he .resonénce modes in the phonon
spectrum has been e@eﬁnentally canfirmed in the disordered alloy sys-
tems (13)2nd the theoretical explanation has been also gveri.(lu) In the
magnetic system there exist almost no experimental works to investigate
the impurity mode in the disordered alloy, except of the observation of -
the resonance mode by the inelastic incoher'ént neutron experinent in the
Fe-Mn alloy. (15) Although the existence of the irrpurlty mode is predicted
theoretically in a single impurity case 26)~(8)ne mechantsm of the mag-

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



In this paper the measurements of the spin wave excitations in the
disordered ferramagnetic Fe-V alloy system have been reported. In this
experirent the spin wave excitations were measured over a wide range of
the excitation energy up to 60 meV with the triple axis neutron inelastic
coherent scattering method. _

The choice of the Fe-V alloy system as a sample is supported with
the following experimental and theoretical infonnations. The b.c.c. Fe-V
| alloy is a ferromagnet, the transition temperature of which rises from
that of Fe T o= 1041 K with increasing the concentration of Vanadium atom.
The average magnetic moment and the magnetic moments of individual atoms.
were experirrentally obtained with the neutron magnetic elastic and the
magnetic dlffuse scattering experimentsby Collins et al.(X) cnild and

(20)and Yameshita et al. (21) Their results show that the average

Cable,
magnetic moment decreases as increasing the V concentration and the
_mégletic moment of Fe, however, remains almost constant value of about
2.2u;. Venadium has a relatively large magnetic moment about 1.o'u'B, the
direction of which is antiparallel to that of Fe at the low cmcéntration
of Vup to 20 at.%. Such experimental results are theoretically well

understood with the recent C.P.A. caleulation by Kajzar, 22

(23)

and Hamada

and Miwa.
There exists no experiment on the whole spin wave spectrum.

The stiffnhess constant D has been .obtained with the diffraction méthod

by Lowde et al.(1%) The stiffmess constant D is known to increase

from the value of Fe with the concentration of Vanadium.



In Fe~V alloy the average moment decreases as a concentration of V,
while the stiffhess constant increases. In the other Fe based b.c.c.
transition metal alloys the concentration variations of the average
monenﬁ and the stiffhess constant exhibit samé tendencies qualitatively.

In the disordered ferromagnetic alloy the impurity to host spin
ratio s/S and the impurity-host to host-host exchange ratio J'/J are
the parameters of the possible excitation level of the impurity mode.
In the disordered Ni-Fe ferromagnetic alloy the observation of a
resonance mode has not been reported up to date. If the resonance
mode really exists in Ni-Fe alloy, this will appear about the energy
of 200 meV, that was estimated using the following values; J'/J= '
6.3~0.5, E .x = 1250 meV and s/S = 4. The experimental difficulty
prevents from cbserving such a high energy excitation. |

In the Fe-V alloy system the reasonable ratio J/J carmot be
estimated from the concentration variation of D and Tc .  The spin
wave band width of Fe is accounted much smailer 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 from the other 3d-transition metal alloys.
From above mentioned informations the Fe-V alloy system is expected
to have a large effect of V impurity in the spin wave spectrum.

The results of our e_xperinent'are analysed in two points of
view mentioned above. The value of the stiffhess constant D becémes

larger compared with that of Fe, Dy, = 280 meV A° at 290K with



increasing V concentration.. This fact agrees well with the results
of previous work. (10) The concentration dependénce of D is explé:'med
gualitatively wiﬁh R.B.M. The obtained spin wave spectrum cannot
be described with the simple E_ = Dq?(1-8q%) law and exhibits
anomalous feature which may be due to the random magnetic impurities
| introduced in the ferromagnetic host.

In Sec. II the method of neuﬁmn inelastic scattering is briefly
described. The sample preparation and the experimental detail w_ith
its analysis are described in Sec. IIT. The experimental results .

are discussed in Sec. IV.



T NEUTRON INELASTIC SCATTERING

The inelastic scattering of neutrons resulting from the creation
or annihilation of a single spin wave quantum is swbject to the
conservation conditions for energy and momentum,

*‘l.
Eﬂ = am ( Klz'_ K:-)
e d —p —,.
Ko tQ = K
Q= 21T +4

~ where -IE 6 and -I’{’ are the incident and final neutron wave vectors.

The vector 'ci is the wavevector .of the spin wave and E is its excitation
energy. 21T is a reciprocal lattice vector and-é is the scatteﬁng
vector. With the ﬁriple axis spectrometer it is possible to vary

one of two variables q and E, while the other is kept constant.

The constant E scan 1s mainly employed for spin waves with high '
energy. This is due to the very high spin wave group velocity relative
tb the energy- momentum correlation of neutron, which is oblique

- ] )
in E—q plane with the slope of 4.144 K, meV A

s where _ﬁo is the
incident neutron wavevector. In contrast to phonon scattering
experiment, 21T 1s 1limited to the first or second lowest Bragg
reflections In the spin wave scattering because the scattered intensity
decreases strongly with increasing @, due to the magietié form factor.

The instrumental resolution corrections which arise because

-of the finite, rather large, slze of the neutron probe in E—E’l space



mst be always considered in the measurenent of inélastic scattering,
when the line width and the intensity of neutron groups will be
discussed. We did not have aimed in this e;cpériment to obtain the
spin wave life time or the intensity. The resolution function is
discussed by Cooper‘and'Nathans.(zu) Resolutibn function is given

in the form,

R‘( 0o +AW , Qo +AQ ) = R, &%p {“'le T3 M X Xe |
X, =AQx | X,=AQy |, Xs=A4AQ: , X, =aw

R, is the optimm value of the resolution fimction R(w ,§). R, and
Mkl are involved functions of Ko’ Wy Q0 and Tys Mps dM’ d,,
ai=0,, 3: Bi=b,3’ where K is the wave vector of incident neutron.
Wy Qo are frequency and scattering vector. Ny> Ny are the horizontal
" mosaic spread of nnno.chrorrator and analyser. Ogs Oqs Ons a3 and
Bys By»> By, By are the characteristic horizontal and vertical angle
of the colimators and dM, dA the spacings of the monochromator and
analyser. The dependence of the resolution function on Aw, EE} is

Gaussian. The locus of points in w—Q space for which the resolution

function has a value of half maximum is given by an ellipsoid,

Iz MqX X = 1.38,

which is refered as the resolution ellipsoid.

The observed intensity for a given scattering cross section o is

I(0.Q.)= § R (weraw, BraR) o (wetaw, Borall) 4Q 2w



For our experimental condition the resolution matrix M were calculatéd,
using the expression in their text. Instrumental conditions were
listed in Table I.and calculated resolutioﬁ ellipsoids at several
energies and scattering vectors for TUNS and HB2 spectrometers are
shown in Fig. 3(a). The resolution ellipsoid crosses the dispersion

surface with a long principal -axis almost perpendicular to it.



ITT Experiments and Results

(1) Sample Preperation

Five. Fe-V sanples of Vanadium concentration 7.6, 8.7, 13.5, 16.0
and 18.7 at. % were prepared in this experiment. The concentration range.
of specimens in the experiment is limited in b.c.c. phase. In the phasé |
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 a phase and from sbout 23.0 at.
% V o phase is mixed to o phase. Raw materials éf both 99.5 7 Fe and V
were nmelted together and grown into single crystal in the Bridgman
furmace. The volure of the sample is 0.2~1.0 cc. Specimens of 7.6, 8.7
and 13.5 at. % were annealed at about 1000°C for a day. On 16.0 and
18.7 at. % V any thermal Ereatment was not made in order to avoid the
mixing of o phase.The concentration of 7.6 and 13.5 at % V was checked
by chemical analysis and of others not yet done.

(ii) Experiments

The e}iperirrents were performed with the TUNS triple axis crystal
spectrometer at JRR-2 and with the HB1A and HB2 triple axis spectrometers
at the high-flux reactor HFIR at ORNL. Specimens of 7.6, 8.7 ‘and 13.5
at. % Vwere measured at HFIR and of 13.5, 16.0 and 18.7 at. % V were
measured at JRR-2. A neutron bém of fixed energies EO='33.0 meV and
29.8 meV was incident on the sample and the distribution of scattered
neutrons was measured at JRR-2. Energy of scattered neutrons was fixed at

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

- 10 -



at HB2. Energy of incident neutron was fixed at E = 14,7 meV at HBI1A.

| As the dispersion curve is very -steep in the ferromagnetic metals
and alloys the constant energy mode of operation was taken with both
neutron energy loss condition, i.e. spin wave creation in the sample,
and neutron energy gain condition. Except in the sample of 8.7 at. 2V
two modes of the scan givé the same dispersion curves. In the experiment
trials are made to measure on the better condition, say, to cbtain

large intensities. The neutron cross section of the spin wave is written

K/ -~ -> - 2
(dadz;) < [(<n>+])E(E4~E)S(Q"1~2KC)+ <n>$(Eg+E)SLa,.qo21rc)S

where <n> is the Boltzmann factor. In this experiment the intensity of

’

scattered neutron was larger in the neutron energy gain condition than

in the neutron energy losé condition. The reason is considered as fo-

1lows. Considering the energy of incident neutron is 30 meV and the

spin wave quantum of 20 meV is excited. The energy of scattered neutron

is 10 meV for the energy loss process and 50 meV for the energy gain
process. The spin wave creation process has a factor <n>tand annihilation
process has<n> . in the cross section. At 300 K (above factor)*(K'/KO) is almost
same  in boﬁh processes. The main contribution to the intensity is attr-
ibuted to the energy divergence of the scattered neutron to an angle.
We measure (d20/dNd0) instead of (4%0/49dE) in the e:qaerﬁment Both

tenrs are. related as follows

A d*o- )
(4d8) = ¥ hoce (inde
The uncertainty of energy lead to larger angular divergence of scattered

beam for the creation process than for the annihilation process:

- 11 =



Angular divergence of scattered beam is limited by the analyser to
couter collimater and thus a reduction of neutron :‘mtensify takes place. '

The reflectivity of analyser may be saturated. The reflectivity is given
Dol sl
R= J%ime V.
The estimation of above mentioned values is made for both condition.

From the results of the estimation we can see also that the measurement
in the energy gain condition is better than that in the energy loss con-
dition. The estimation is g;ivbenb in Table IT and both measurements were
compared in figure 1.

The (002) plane of pyrolitic graphite with mosaic spread of 25
was used as a monochromator and an analyser on TUNS and HB1A. The " (101)
plane of Be crystal was used on HB2. Samples were mounted with [001] or
{110) crystal axis vertical and the scattering vector Q is on the plae
vertical to its axis. The measurements were Saken around the (110)
Bragg point along {00£]) direction or [E«EO] direction of momentum tran- I
sfer 'ci Scans were taken on the focusing condition of the dispersion
curve and resolution ellipsoid. The focusing effect ié less sensitive in
the experiment of the ferromagnetic metals having the steep dispersim
from the reason mentimed in Sec.II. At the low excitation energy a
large peak of LA phonon excitatioh covers the spectrum of -the sp:m wave
excitation. In order to avoid such 'a disturbance, scans were perfbnred
such as along [££0) direction from (110) Bragg point in the plane verti-
cal [001] Vaxis, in which geometry IA phonon was scarcely.,ébserved be-

- = - . . i
cause of e+Q term in the cross section, where @ is the polarization vector.



Both_neasﬁrerrents along the {o0£] and (g£0] direction almost coincide and
an anisotropy of the excitation energy along the symmetry direction was
not obserwved.
(ii1) Results _

The typical spectra obtained with constant E scan in each specimen
are shown in figure 2. Measured range of energy transfer covers from. 5
to 60 meV. Peaks of the observed spectra are all well defined.

Experimental full widths at half maximum of peaks for the samples -
of 7.6 and 18.7 at. % V are illustrated in figure 3(b). The condition
measured is following. 7.6 at. % V was measured using Be monochromator
and aﬁalyéer‘. Scattered neutron energy was fixed and scans were taken
along the [ ££0 ) direction. The FWH]\h of pure Fe are also given for
comparison which were taken in the same geometry as in 7.6 at. % V and
give almost the instrumental resolution. 18.7 at. % V was measured with
the different condition as before, that the (002) plane of PG was used
as monochromator and analyser and incident neutron energy was fixed.
Scans were performed along the[£00]direction with the spin wave annihi-
lation condition. The resolution functions of the insﬁrunent are ‘calcu-
lated and shown in figure 3(a2). In figure 3(b) the straight :ljne~ in the
18.7 at. % V sanple represents the calculated width where the life time
of spin wave is assumed .to be infinite. The.straight line in 7.6 at. 4V
is drawn as a guide for observed widths of Fe. The line width of spectrum
may be whole due to the instrumental resolution. We can see slight deﬁ-v
ations of measured widths from that of the resolution function around

10 meV in 7.6 at. % V and 20 meV in 18.7 at. % V, at those energies

- 13 -



dispersion curves have anomalies as shown later. We don’t argue further
about the line width, because measurements. were perfOrméd with the loose
instrumental condition without considéring to discuss about the line
width of observed spectrum.

- The dispersion curve of each sample was obtained by taking the cen-
tral point of scattered neutron distribution in wave vector transfer for
each constant E spectrum. Bac_kgr'oﬁnds were suitably subtracted from obse-
rved intensities. The énbiguity of taking the central point pf spectrum
due to subtfacting backgrounds was estimated at most as 70.‘005 At low
energy region, where phonon spectrum stands near the magnon peak. Obtai-
ned dispersion curves were shown in figure U. The anbigutiy of determin-
ing the dispersion curve occurs also by statistical fluctuations of obs- -'
erved intensity. Measured intensity N at each wave vector point is assu-
med to have statistical deviations of t 2/N. The prdbability of ﬁndlng
inteﬁsity in this region is 0.95. All conbinations of the possible inte-
nsities N, N+2{N and N-2/N at a certain wave‘ vector point for all measu-
. red points M, thus 3M sets of spectra, are taken. The distribution of the
central wave vector q for all 3M sets was made with the computer simula- - '
tion. The full width at half maximm of this distribution functioﬁ is
small, about 0.005 A'at the Low energy of about 20 meV and 0.02 K'at the
high energy of about 50 meV. In figuxev 5 obtained points for ever const-
ant E scan were plotted with error bar in the specimen of 13.5 at.% V,
in which deviations in wave vector q from the fitted curve, as mentioned
later, were shown. Although' the obtained points scétter relatively, sca-

ttering is comparable with error bar as seen in figure and smaller than

- 14 -



the deviation Qf dispersion relation.

In figure 4 (f) djsper‘sién relations in the 7.6 at.% V sample for
the different symmetry directions [0£0], [E00] and [££0] are shown with
closed circles, cross points and open circles respectively. Any signifi-
cént difference among them has not been observed at least up to 60 meV
in the Fe-V alloy, as was also the case in Fe metal. 'Although the syste-
‘matic measurements were not made, the anisotropy of the spin wave has
not been detected for the other specimens beyond the experimental error.

" The solid lines in figure U are the fitted curves to the equation
E=D q2( 1~ qu) with the procedure mentioned later. The dashed curves
represent E=Dq° curves drawn using the D values obtained by Iowde et a1(l0)
In figure 4 (a) the dispersion curve of Fe obtained also in this experi-

ment 1s shown as a comparison.

- 15 -



IV ANALYSES AND DISCUSSIONS

(1) Analyses of the experiméntal résults
The excitation energy of the spin wave in the ferromagnetic metals
and alloys is conveniently written as thé power law
E=D04a" (1-p1") ,
where D is the spin wave stiffness constant and B8 1s a parameter, which
represents a deviation at large q from the quadratic dispe_rsion i*elation.
Tn order to cbtain the stiffness constant D and,8, E/q° values were plo—
tted against q2 for each concentration.: E/q2 versus q2 curves are shown
in figure 6. In the samples of lower concentration 7.6, 8.7 and 13.5 at.Z.
v, E/q2 values rise very steép for small values of q2 and are almost
linear to q2 for large values of q2. The 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,A E/q2 is nearly
linear in the entire range of q2. In the saxfple of 18.7 at.% V, moreover,
E/q2 points tend to deviate slightly downward from_’che straight line
around small values of q2; Extrapalating the straight line, which is the
'ﬁtted curve to E/q2 values around large values of q2, to g = 0 we have
obtained the stiffhess constant D and 8 from the E/q2 value aﬁ q = 0 and
the slope of the straight line respectively. Obtained values of D and 8
for all specimens are given in Table IIT and plotted with the concentrat—

ion of V in figure 7. Closed circles in figure 7 show present and open

- 16 -



circles previous results by Lowde et al., which were corrected at 290 K.
Using obtajned values of D and B the dispersion curves were drawn with
the solid lines in figure 4 . The stiffness constents cbtained in this
experiment are somewhat larger than, but almost agree with those of
Lowde et al. The value of D in the Fe-—V alloy increases compared with |
that of Fe with the concentration of Vanadium.

As was mentioned above anomaly was observed at the low energy region.
We next see, whether the excitation energy has a gap at q = 0 or the
| first order térm in q. The dispersion relations were fitted to the equa-
tion: E = Ej+ Dq2(l- Bq2), where E, denctes the energy gap, with Ej, D,
B as the parameters. Obtained values of Eo, D, B 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 sample of 18.7 at.Z V. In the concentration
region of the positive energy gap obtained D and 8 become lower than

those obtained by E/q2 versus q2

plot, and vice versa in the region of
the negative energy gap. |

E/q values were plottéd against q, from which the dependence of the
_ excitation energy on the first order term in q can be cbviously seen, in
figure 8. The situation was the same 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 Straigh’c
line: E/q = C+ Dg for small q region. Exﬁrapolating toq= 0, E/q has a
finite value, which meansthat the excitation energy has a dependence of

the first order term in q. In the other specimens E/q _croéses at the ori-
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.gin, and no q depéndence was given. Obtained values of C 'ahd D were given
in Table IV and illustrated in f:Lgure 9, If thé' first-order term in q
are taken into account, the’ Valué of D, of coursé s becomes -sma,ller than
that obtained before, assuming no or finite energy gzp in the excitation
energy. |

" Sunmarizing the analyses made ébove, it seems that the dispersion
relation camnot be described simply with the E = Dq2 a - qu) equatim.
If there exist anisotropic exchange interactims between spins, the ex-
citation energy has a energy gap at q = 0. Such possibilities o_f haxﬁngm -
anisotropy however are little in 3d metals and their alloys. The excita-
tion energy of spin wave has a Zeeman term in the magnetic field, but it
is not the case in this experiment. Theexcitation energy depends'on the
first order in q at small q region in the case of an’ci_ferronagiet, it is
also not the case. Therefore, it is difficult to explain that the excita-
tion energy of spin wave has a finite gap at g = 0 or th_é first order de-
pendence in q in the ferromagnetic Fe-V alloy.

In f‘igure 10 deviations of measured points from the observed disper-—.
sim curve of Fe are plotted agannst the excitation energy of Fe. If the
excitation energy is dependent on q as E=Dq2(1;Bq2) for both Fe metal
and Fe-V alloy, and 8 s are assumed to be constant, the energy difference
E - EFe is in propotion to EF\e and its constant is given by (D/DFe— 1).
In the Fe-V alloy (D/DFb -~ 1) is positive as already seen. In the simply

: #
diluted ferromagnetic alloy such as Fe-Al alloy (D/DFe - 1) becomes

¥ The spin wave excitation in the Fe-Al alloy was recently measured by

Y. Nakai et al. at HFIR at ORNL.
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n_egativé.lWe can see"in figure 10 the differén'ce E - EFe is not propotion-
al to ET'E for fhe‘ samples of small V concentration. In order to see this
anomalous effect in detail, deviations of the dispersion relations from
the fitted curve were also plotted against-the wave:vector q in figure 11.
The dispérsicn relations deviate upward at the small q region in the
lower cancentration specimens, and are on the fitted curve in the 16.0 at.
% V and became lover than that in the 18.7 at.q V specirmen.

| We have already seen that the deviation maximxm 1ocatés around
'small q or E region and shifts from lower to higher energy as increas—
ing V concentration, when the dispersion relation was fitted to the
E=Dq2(l-Bq2) equation at the large wawe vector region. Using I.owde’s D
deviatims of measured points from the E=Dq>(1-8¢2) equatimn were replo
tted against the energy in figure 12. Its reason is that the diffraction
method or the small angle method, with which only q° dependence of the
excitation energy is measured, is more conventimnal than triple axis
method for measuring D in the small q region. In the 18.7 at.% V devia-
tions become upward around the energy of 20 meV, differing from in
figure 11.

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

relation at small q region, how alter the parameters such as D and 8.
In figure 5 another straight line can be drawn at small q2 region,
which gives larger D and B than those before, for example D = 600 meV
and 8 = 9.0 A2 in the 7.6 at.% V alloy. In this case the dispersion
curve deviates largely at the high energy region or it seems as if there

were two kinds of spin wave excitation, one of which propagates domi-

-19 -



nantly with long wavelength and the other with short wavelength.

The possibility that this anomaly is attributed to the effect of
coupling with phonon is ignored by the following reasons. First, any evi-
(2)

dence of such anomaly has not been observed in pure Fe and in the
Fe-Si alloy(z)., from which it seems that this effect is not due to intro-
ducing the impurity to cause a phonon -magnon interaction. In the relation.
to this fact, this anomaly disappears in alloys with V concentration high-
er than 16.0 at.%. If the phonon-magnon interéctim is induced by impurity,
its effect should be large at high impurity concentration.

This anomaly in the dispersion relation has not been observed in the.
disordered ferromagnetic alloy in which the spin wave measurements 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 experixrient. Tn some disord—
ered ferromagnetic alloys the spin wave excitation energy may not be descri-
bed with the simple wave vector dependence such as E = D q2(1 - qu). The
excitation mode due to the magnetic impurity might be taken into account .

to wnderstand the whole excitation spectrum.
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(11) ‘Theoretical estimation of the stiffness constant
The estimation of the variation of D with the composition of con-—
stituent atoms is usually made with the Heisenberg model In the disord-
ered binary ferromagnetic AB alloy, considering the exchange interactios

between constituent atoms as J JBB and J AB °? the spin wave stiffness

AA’
constant D is described as
(23 —

D= A/3 ZR Je* S

2) 755

J,&s =S JM 4+ 2CaCsS,Ss I +CBS Jes
S = CASA+ CBSB

T = 273, Jm (Tha )

AA )

where Iﬁ,l is a separation of the nearest neighbour atoms and Jl(j) is
the second moment of the exchange interaction J AA ° S A and Cp are the
spin and concentration of A atom respectively. Using the experimental

. (2) .
values of SF\e' and SV and the exchange interaction JFe Fe ° which was

obtained in the Fe-Ni alloy by Hartherly et algg) and assumed concent-
ration independent, the exchange interaction between Fe and V atoms

7.(2) (2) (2)
Fe —y wes estimated. Assuming JFe _Fe and JFe N to be concentratio

independent, JFéz% must be chosen relatively large in order to explain

the experimental results that the stiffhess constant increases with V

concentration. Result of estimation is given in Table V. If JEe(\27)

chosen as JFe(\2/') -4.0 Ihe (2) , an agreement can be obtained and it

is 11lustrated in figure 6. Child and Cable have estimated lJFEE%) /

(0) 20 5 @
FeFe

change with the concentration of V, since JF\e (12?) takes the contribution

into account, not only of the nearest neighbour exchange interactions

|~2 8 from the concentration dependence of T,
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but of long range interactions, and interacions between Fe atoms may be

dependent on the configuration around Fe atom. The concentration variation
(2) ' (2) @] = .

of 35 2 was cbtatned for |3, 2/ 5, @] = 0 ana 1, and s11ustratea

in figure 13.It may be ‘true in real system that JFE(%) is relatively

large and also JFEE%; changes with the concentration of V.

Early calculations of the long wavelength spin v}ave energy in alloys,
using the itinerant electron picture, were based on the rigid band model
with suitably adjusted electron density of state and the exchange split- |
ting. Following Wakoh’s fommlation(zs) the stiffness constant D is

given as follows,

1

D= 3ma
M(e)= —"-—;3 | vE, | dS

aE ?

E+ :
(2 (MED+MEN=F Mrde]

where A is the exchange band splitting, and E+ and E_ are Fermi energles
of up and down spin electron bands. m represents the average atomic
magnetic moment of the alloy in Bohr magneton unit énd A is the 3d band
index. V is the volume of the crystal. M(E) is a mean square velociﬁy
function and analogous to the usual density bf state function N(E). He has
calculated D of b.c.c. Fe using the band structure calculated by his own
and above fornula. In the case of the alloy the rigid exchange splitting
is determined by the density of states of the based metal and the average
| magnetic moment in the rigid band model. In our estimation experimental
values of the average moment in the Fe-V alloy and the calculated density

of state curve N(E), and M(E) curve, which were used in the calculation

- 22 -



of b.c.c.Fe by Wakoch, ‘were also used. The estimated concentra{:ion 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 normalized
as a wnit. The D increases as the Vanadium atoms are introduced in thev'
Fe host also In the calculation. At the co;lcentraticn of 10 at. 4 V

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

eriment. The experimental value of D of Fe isA 310 AmeV EZ at 0 K. Wakoh's

caleulation of D however results to 80 meV A2, A large discrepancy lies

initially in Fe between the experiment and the calculation. An absqlutg__ .
value of D differs therefore by a factor U between the experiment and
the calculation also in the case of the alloy. But the qualitative agr-
eements are obtained between the experimental and R.B.M. results.

The 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 numbers due to introducing of V atoms results
the decrease of the electron nunbers of the majority or up spih band.
This leads a 1argé change of E - compared to E_ and the exchange band
splitting energy is reduced in a large amount. On 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 equa’ciqn, does not change so much.
As a result the D becomes large. This feature is illustrated in figure 15,

C.P.A. approaches for caleulating the stiffness constant D have

been developed by several authors. In Ni-Fe alloy the calculated value
of D by Riedinger and Nauchiel-Bloch agrees well with the experimental

results. -
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(1ii) Some remarks on 8
~ Describing the spin wave dispersion rélation phehonenol_ogically
E=D q2(1 - qu) in Heisenberg ferromagnet, g is given | |
, ZJmr?
p = 20 2, J(rd f"
and in the case of binary alloy

%) —

| p* Jep 3
.B=ZOR" (Tz)—-

Jeﬂ )

’
where expreséions were same as in the previous section. Considering the
interaction J only between nearest neighbours, B is only of dependence

o a lattice spacing; B = Fﬁ / 20 . In the case of Fe B is estimated as
0.3Aend experimental results was obtained as 1 A..In the Fe-V alloy 8
changes 1ittle or slightly increases from the value of Fe with the con-
centration of V. This fact indicates that the long range interactions

and the higher order moments in the q expansion of excitation energy must
be taken into account. Since the sfiffhesé constant D changes with the
concentration of V, the biquadi'atic contribution of g becomes 1érger 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 conclusion
(1) Anomaly of q dependence of the excitation énergr was observed in
the dispersion relation in the Fe-V alloy. The dispersién relation can-—
not be described with the simple E = D q(1 - Bq°) equation. Tts devi-
ation from the sbove equation has a concentration dependence.
(i1) Anisotropy of the spin wave dispersion along fhe' symmetry direc-
~ tions has not been observed up to 60 meV.
. '(jj.i) The stiffhess constant D, obtained by fitting the dispersion rel-
| ation to the above Aequation at large q region, rises from that of Fe
~ with the concentration of V and tends to about 400 meV A2 at about 15 at.
% of Vanadium. Heisenberg model and the rigid band model were used in
order to explain the experimental results. In the Heisenberg model Jy (&)
was determined relatively large, if JEeSlzikl, was _assumed to be concentration
independent. In the rig;id band model the estimated concentration varia-
tion of D agrees at least qualitatively with the experimental results.
(1v) B changes sligntly from the value of Fe B = 1.0 A with the con-
‘centration of V. |
(v) 'The anomaly of dispersion seems not to be attributed to the magnon-

phonon coupling.
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TABLE CAPTION .

Table I Instrumental conditions of neutron spectrométers.
do, dl, dz, dg représent horizonfal collimation angles in degree
of inpile, monochromator to sample, sample to analyser and analyser |
to comter respec{:ively. Ty and n , are mosaic spreads of monochro-
mator and analyser in degree. ' dy and d, are the lattice spacing -
of monochromator and analyser in Ang;stfom.
Table IT Comparison of scattered intensities in neutron energy loss
and gain conditions. |
Table IIT Concentration variation of D and B, obtained by E/q2 versus
| q2 plot at large q region. Values of Fe were also given for com— |
pa.rison. .
Table IV Obtained parameters E,, D, B and C, D
The dispersion relation is described E = Eg+ Dg°(1-8a°) with
energy gap E, and E = Cq + Dq2 including q term
Table V Estimated values of stiffness cchstant D and JFe-%g taking

suitable parameters in Heisenberg model



EmeV) | AA) | o(°) | A*/SIN20 | K'/K, | <n> or <n>+1 | COTO/A2 | RATIO | EXP
nieutron
energy 10 2.86 25.3 183.6 0.6 1.85 0.26 1 1
loss A
neutron )
energy 50 1.28 | 11.0 Io,2 1.3 0.85 3.14 2.6 i
gain -
Table II
0o oy 02 03 Ty My dy dy
- TUNS 0.5 0.5 0.5 0.5 0.4 0.4 | 3.354  3.354 PG(002)
HB2 2,0 0.67  0.67 5.0 0.3 0.15 | 1.733  1.733 Be(101)

Table I




V concent-

ration at.?% U,Qm<w ) B (R
7.6 385 + 15 1.3
8.7 435 + 25 2.2

13.5 370 £ 20 1.5
16.0 410 + 20 1.2
18.7 440 + 20 1.1
Fe 285 1.0

Table ITI



V concent- .2 o . o

mO (meV) D (meV A%) B (A7) C (mev A) D (meV A™)
ration at.% , | _ . _ _ o
7.6 - 2.8:0.5 . 33%.0+2.0 0.9£0.01 | 287 243 £ 30
8.7 - 409.0 2.2 387 226 + 50
13.5 2.4 318.0 0.9 329 217 + Lo
16.0 0.5 hg.oo 2.0 0%5 393 + 10
18.7 -1.5 488.0 1.8 10 10 400 + 20

-Table IV



=1/3 Nms Hm |
g2 (2) (2), 2 (2)
Hm % mmq%.mﬁ momma.,\mwwf um_?<+o< w< <..<

5 = eni * oy

Iy 2= 182 ey
Iy .«mv- 0
1/3 2R = 16.8
| “_.\wuwfm ,
e | g [ e T TSRty | T @0
" °Fe Spe |95 )5, B =b.0 (neV %) _.H @ 7 75220
5.0 | 1.05 -0.5 312 63 375 21.6
10.0 | 1.04 -0.l41 299 105 4ol 25.1
15.0 | 1.03 -0.33 28l 126 no 26.3
20.0 | 1.02 -0.27| 269 Wy 412 28.1

Table V



FIGURE CAPTION

Figure 1 The distributions in wave vector transfer of scattered
neutrons in the neutron energy loss and gain conditions. The
ene_fg;y of incident neutron is 29.8 meV. Neutron intensities in
the case of the creation and annihitation of spin'wave quantum,
the energy of which is 19 meV, are illustrated;

Figure 2 " The distributions in wave vector transfer of scattered
neutrans from (a) 8.7, (b) 7.6, (¢) 13.5, (d) 16.0 and (e).18.7
at. % V Fe-V alloys at 290 K in constant energy scans at various _
energies. Peaks are all well defined. E0 denctes the energy of .
ineident neutron and E, of scattered neutron. The direction of'

% scan is written in the figure.

Figur’ev 3 (a) Calculated resolution ellipsoids in E-q spéce.

The resolution el]ipsoid'is calculated at various E and Q on the
dispersion surface. TUNS denotes fhe spectrometer used at JRR-2.
HB 2 at HFIR at ORNL.

(b) Experimental line width (FWHM) of the spin wave
‘excitation in 7.6 and 18.7 at. % V. In 7.6 at. % V the line
widths are drawn with closed circles and the experimental line
widths of Fe in the same condition were also plotted with open
circles. The straight line is drawn for a guide to eyes. In 18.7
at. % V the widths of thé caleutated instrumental resolution
ellipsoids are drawn with the straight line. Associated instrumen-—

tal conditions were listed in Tsble I.



Figure 4 The spin wave dispersion relations of Fe-V alloys, for
(a) 7.6, (b) 8.7, (c) 13.5, (d) 16.0 and (e) 18.7 at.% V.

The solid lines are drawn in the manner as discussed in the text.
']he dashed lines near the origin represent the dispersion curves
with D values by Lowde et al. In figure U4 (a) the dispersim
relation of Fe obtained also in this experiment is shown. In fig-
ure U (f) the spin wave dispersion relations are also given for
various symmetry directions in 7.6 at.% V sample. Open and closed
circles and cross points represent the measured points almg [£E0]
f0£0] and [£00] directims respectively.

Figure 5 Experimental error in wave wvector for various constant E
scans. Scattering of obtained points is comparable with error bar
and smller than the deviatim of dispersion

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

The straight lines are the fitted lines with E/q° values at large
°. From the value of E/q° at q = O and the slope of the straight
line, D and B are determined. E/q> values of Fe are also plotted
with open circles.

Figure 7 Vanadium concentration dependence of the stifmeés con-

' stant D and B at 290 K. Present values of D and 8 are shown with

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

et al. for comparisa. The solid line is drawn with taking JFe-(-gk)z
= 18.2 mV and 3. = 4.0 3__@)  in Hefsererg mdel as discu-

‘ Fe-V Fe-TFe
ssed in text. The dashed line is the estimated concentration vari-

ation of D with the rigid band model.



Figure 8 E/q versus q plot for each concentration of V.
Extrapolating the heavy straight line to g=0, C and D are deter-
mined from E/q value at g=0 and siope of this line. The light stf-
aight lines were drawn with C=0 and D values obtained from E/q°
versus q2 plot.

Figure 9 Compariscn of paranmeters obtained with different anélyses:
1 E= Dq2(1-Bq2), 2) with energy gap E ., E= EO+ Dq2(1—6q2) and
3) with q term, E = Cq + Dq° . ’

Figure 10 Eherg;y difference of the excitation energy of Fe-V alloys
from that of Fe plotted versus the excitation energy of Fe.
Straight lines indicate E—EFe= (D/DFe-l) EFe equations. Deviation
from the straight line is clearly seen.

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

from the fitted curve plotted versus wave vector q. The curve was

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

ELgure 12 Energy deviations of the excitation energy of Fe-V alloys
from the calculated curves with using D’s by Lowde et al.
. - (2) |
Figure 13 Concentration variation of J. Fo_Fo*
(2) (@) | _
The cases of |Jp 'y / Jpo e | = 0 and 1 are shown.

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

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

the solid line. The concentration variation of Tc is also shown with

the dashed line.

Figure 15 Concentration variation of the band splitting energy and

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

M(E ) in the Fe-V alloy in RBM.
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Zusammenfassung

Das Spinswellen Dispérsionsvérhéltnjs 7 in dén' raumzentralen kubi-
schen ungeordneten ferrom_agnetischén' Fe-V Iegiérmgen ist durch die
unelastischen Neutronen Stréutmgén_ gerrésSéh worden. Die Messungen
wurden mit dem drei-achsigen Neutronén Spektroneter an. den Proben der
7.6, 8.7, 13.5, 16.0 wd 18.7 atomischen Prozent von V in den veiten
Bereichen der Anregungsenergie vom 5 bis zum 60 méV an 290 K durch—'
gefthrt. Die gemessenen Spinswellen Spektren sind mit der Gleichung
E=D q2 (L-8 q2) auf den relativ groBeren Wellenvektorbereichen
analisiert. Die Scubmodulkonstante D und 8 wurden fur die einzelnen
Probe bestimmt. Die Grope von D vergrofert sich einst mit dér Konzent-

2

ration von D = 290 meV A © ( von Eisen) , und sittigt sich auf 430 meV

2% an den Probe von 16.0 at.% V. In den niedrigen Energieberich das
Dispersionsverhaltnis weicht von der oben gegebenen Gleichung ab. Die
Abweichung hat die Konzentrationsabhingigkeit. D_er Bereich, wo die ab-
weichung der HSchst ist, schiebt sicri1 von der niedrigen zu htheren
Fnergle. Die im Dispersimsverhfltnis becbachteten Anomalie mag zu

der Effekt der magnetischen Eingesetzte zugeschrieben werden, die der
ersten Beispiel becbachtet in den ungeordneten ferromagnetischen legie— |

rungen ist.



