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Abstract

The existence of propagating spin waves above T c in Ni and Fe has

been widely accepted since this picture was first advocated in 1973. In

this brief review of our current neutron scattering experiments on Fe and

Ni we will present convincing evidence showing that this picture is

incorrect. In addition, we will demonstrate that over wide ranges of UJ, q

••'.nd temperature, both Fe and Ni follow a simple paramagnetic scattering

function of the spin diffusion type.
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I, INTRODUCTION

Since the last review [ l] of our continuing neutron scattering studies

on the paramagnetic phases of 3d ferromagnetf, we have made considerable

progress in understanding the spin correlations in Fe and Ni. The major

issue is whether or not propagating spin waves exist in these two

ferromagnets above their respective Curie temperatures (Tc). The

picture of spin wave "dispersion curves" above Tc has been advocated by

Lynn and Mook [2-5] since 1973. They observed well defined ridges in

their constant energy neutron scans above Tc (See Fig. 1). Utilizing

the resulting dispersion curve, they then converted Aq/q to AE/E and

concluded the existence of propagating spin waves above Tc for energies

exceeding 8 meV for Fe and 35 meV for Ni. These spin waves are,

surprisingly, practically temperature iadependent up to 1.5 Tc* This

picture prompted many theoretical models which incorporated a giant

temperature independent short range magnetic order.

In a series of polarized neutron experiments [ 6-8] and model

calculations [9, 10] on Ni and Fe, we have demonstrated that the picture

of propagating spin waves (and giant short range order) above Tc is

incorrect. Instead, a simple scattering function

S(Q,u) = S — & . £ (i;
° <X

2 + q2 F2 + u,2

can describe the essential features of the paramagnetic scattering from

Fe and Ni for the range of energy transfer up to 50 meV and momentum

transfer up to 0,5 A"1. The constant E ridges, previously identified as

spin waves, are nothing but special energy slices of this paramagnetic



scattering function (See Fig. 2).

In this review, we will describe our recent progress in the

polarization analysis technique and report our most recent measurements

[8] on Fe. We also analyze in some detail the salient features of

constant E scans [10], since there appears to be some confusion about

their interpretation. We will also answer the question raised recently

by Lynn [li] on the disagreement of the observed ]inewidths of constant E

scans in Fe and the theoretical widths predicted by Eq. (1).

II PARAMAGNETIC SCATTERING FROM Fe.

We illustrate in Figs. 3 and 4 our most recent results on Fe obtained

by Wicksted et al. [8] These data clearly demonstrate the power of

using polarization analysis. The basic principle of this technique was

established by Moon, Riste, and Koehler [12] in 1969. Recently, Ziebeck

and Brown [13] and their collaborators have put this technique to

practical use. The reason for this delay of more than ten years is

simply a matter of intensity. In 1969, it was estimated that the

polarization analysis technique results in the loss of intensity by at

least a factor of one hundred. Since then, considerable progress has

been made in the construction of polarizers, such as Heusler, ^7Fe and

muLti-layer polarizers. In Figs. 3 and 4, our current set up utilizes

Heusler crystals as monochromators and analyzers; this results in an

intensity which is a factor of forty weaker when compared with our best

unpolarized set up which utilizes larger focusing pyrolytic graphite

monochromators and analyzers.

The data in Fig. 3 are obtained with a very relaxed collimation to



compensate for the reduced intensity. Even this "poor" resolution

is good enough to properly characterize the scattering cross section, as

seen in Fig. 4(b), where the ideal resolution is shown by a broken line.

These profiles for paramagnetic scattering from Fe are considerably

better than our earlier reports [6,7] on Ni and Fe. This has been

achieved through step by step improvements of all aspects of the

polarized beam set up. [ 14]. The basic idea of this technique is

extremely simple; the difference between the two cross sections obtained

with the magnetic field at the sample H B Q and H 4- Q, and with the

flipper on, consists of magnetic scattering only. This completely

elimina'^s the uncertainity of the background subtraction which is by no

means trivial when the magnetic scattering is weak at high energy

transfers as in Fig 3(b). Notice the counting time depends rather

strongly on the energy transfer because of the reactor spectrum. Thus

the "ON" data which utilizes a horizontal magnetic fi.sld (HF) in Fig 3(b)

may be put into a definitive cross section only after combining with the

vertical magnetic field (VF) data, as shown in Fig. 3(c).

Another interesting feature in Fig. 3(b) is how clearly the phonon

cross section in the OFF data is separated out from the magnetic cross

section. Our flipping ratio ranges between 12-20 when using fixed

analyzer energies between 14 to 60 meV. In rig. 3(a) we show that this

set up has sufficient resolution to clearly see magnons below T c. The

neutron beam is of course depolarized and thus, the ON and OFF channels

are identical. The data in Fig. 4 are all taken using the difference



method HF-VF. Solid lines shown in Fig. 4 are not fits to individual

scans: we have selected only one normalization factor for all three

scans. The parameter A in r = Aq2'5 f(iq/q) and the inverse

correlation length K^ are taken from the critical scattering data

obtained by Collins et al. [15]. The agreement is impressive. We may

notice that the observed data at large energy transfers are, on the

average, lower than calculated. This is a theoretically expected

tendency and we will return to this point later. We emphasize here that

the arrows in Figs. 4(b) and (c) are supposed to indicate where

"propagating spin, waves" should appear. However, no trace of additional

cross sections are seen at these energy values.

Ill, DISCUSSIONS

We have just demonstrated that the simple scattering function given by

Eq. (1) gives an excellent description of the observed magnetic cross

sections of Fe and Ni for a wide range of io, q and temperature. This

interpretation results in a completely different picture from the

"propagating spin wave" concept which prevailed since 1973. We already

mentioned that this conclusion was obtained by Lynn and Mook through the

utilization of the "ridge dispersion" to convert Aq/q to &E/E. This

process is of course not justified as one can easily see from the contour

map in Fig. 2. Now the question is how well Eq. (1) can explain the

re.orted constant E ridges.

A. Constant E Ridges

For the purpose of this discussion we expand Eq. (1) into a more



general form of

kX

Aq2*5 f ( K l /q ) (3)

Here f (KJ/q) is the Resibois-Piette scaling function which becomes unity

at Tc. It takes the form of /<1/q in the hydrodynamic regime where the

linewidth r becomes

r = A (T) q2 (4)

For the case of small energy a) (as < kT) , e = 1 and Eq. (2) reduces to the

simple form of Eq. (1 ) . At Tc when p = A q 2 - 5 , Eq. (1) can be

further reduced to a universal form when Che energy is scaled by A

"

We are not the f i r s t to u t i l i z e th i s double Lorentzian (Eq. (1)) in

order to explain the constant E r idges . In 1974, soon after the f i r s t

Oak Ridge r e s u l t s [2] on Ni were published, Collins [16] made a very



interesting observation. He noticed that the constant E ridges at small

energies can be explained by Eq. (1) but did not pursue this further

because, perhaps, of the lack of reliable constant Q scans. Then Lynn

and Mook stated in their 1975 Ni paper [3], that their calculation of the

widths of constant E ridges using Eq. (1) is five times wider then

observed. We did not understand their results, particularly after the

successful model calculation by Uemura et al.[9] The reason for their

failure became apparent when Lynn recently published an addendum to his

earlier Fe data which included a model calculation [5] using I" = A q » A

= 20 meVA , this A corresponds to A (T) very near T c. If one does not

change over to Aq^ •"* , of course a gross error results. In this respect

it is amusing to notice [8] that if 6 in r ~ Aq2+^ at Tc is zero,

then the constant E ridges disappear.

Our model calculation was first performed by Uemura et al [9] and,

although done in a simplified fashion, explained the essential features

quite well. One disagreement, however, was obvious; at Tc where there

is no adjustable parameter, the observed energy ridge positions are about

35% higher in q than calculated. More recent model calculations by Boni

and Shirane [ 10] explain this discrepancy in a very natural way. As

shown in the right side of Fig. 5, the constant Q scan should deviate

from the pure Lorentzian (E = 1 ) at higher values of UJ as predicted

theoretically[ 18]. We utilize a very simple form of e(&j) to simulate

i.his behavior

1 oi < r i

= i + a ( i^LL) u > r '



Notice that only minor changes take place in constant Q scans while

drastic modifications occur in constant E profiles (left side of Fig.

5) where both the peak, positions and widths are seen to depend critically

on a. The major objection by Lynn [11] on the model function (Eq. (1)]

is now completely removed by these trivial and expected modifications of

the simple scattering function. The broken line in Fig. 2 is our model

calculation; although this exceptionally good agreement is probably

fortuitous, the general trend is now defintely established.

All in all, the constant E scans are qu.te sensitive to the secondary

parameters and no new information on the spin dynamics above Tc emerges

from this type of study. Only the orthodox constant Q scans can properly

characterize the magnetic cross sections. Let us remind ourselves once

more; the major issue has been, and still is, where are the central

paramagnetic weights of the scattering function? Are they on the

constant E ridges (chain line in Fig. 2) as Lynn and Mook have advocated

for the past ten years or are they centered around AE = 0 as we have

described in this review? The data shown in Fig. 4 are sufficient to

answer this vital question.

B. Constant Q Scans

There is one remaining issue concerning the magnetic cross sections of

Fe. This is the spectacular constant Q peak Lynn published in 1975 [4]

(see Fig 6(a)). It is this peak, more than any other single scan, which

appears to have proven the validity of the propagating spin wave picture.

After our systematic study began to contradict this picture, [5] Lynn



published an addendum to his 54Fe(12% Si) data. This revealed that the

original constant Q data were derived after a large background was

removed (see Fig. 6(b)). These constant Q scans are now being

re-examined at Oak Ridge. If the discrepancy persists, a joint

experiment on the 5l*Fe sample will be conducted at Brookhaven. In Fig.

6(c) and (d) we have shown Grenoble data [13] on Fe.- Although these

measurements were carried out with an intentionally poor resolution, it

appears to be impossible that these results, as well as ours, can be

reconciled with Lynn's data. In any event, the constant Q puzzle is

experimentally verifiable and we expect this to be resolved very soon.

We are now undertaking systematic studies of several other cubic

ferromagnets utilizing the improved polarization analysis technique;

these include EuO (insulator), Pd2MnSn (localized), FegPt (invar), and

MnSi (itinerant). These studies will be reported shortly. One feature

which became convincingly clear is the common constant E ridges above

Tc. In particular the study of Pd2MnSn [19] permits us to cover the

entire range of (Q,io) because of the relatively low energy scale of this

system. Again, the constant E ridges resemble spin waves below Tc

although constant Q profiles are smoothly diffusive up to the zone

boundary.

We would like to acknowledge many stimulating discussions with our

collaborators Y. Endoh, B. Grier, Y. Ishikawa, C. Majkrzak,

0. Steinsvoll, and Y.J. Uetnura. Work at Brookhaven supported by The

Division of Materials Sciences U. S. Department of Energy under contract

DE-AC02-76CH00016.



10

FIGURE CAPTIONS

Fig. 1 Constant E ridges for Ni. Solid and broken lines are the Oak

Ridge results [2, 3] which are in good agreement with our

results (insert (lb) with the LA phonon removed and open

circles and crosses in (la)). After Steinsvoll et al. [6]

Fig.2 (a) Intensity-contours of paramagnetic scattering of Fe. Note

that the constant E scans show peaks at finite Q but the

constant Q scans peak only at E = 0; (b) comparison of the

modified Lorentzian (broken line) v/ith Lynn's observation

[ll]. Our data on Ni are also shown (closed triangles).

Fig. 3 Magnetic cross sections of Fe below and above Tc. The

experimental setup is shown in (d); Heusler polarizer and

analyzer are combined with horizontal (HF) and vertical (VF)

magnetic fields at the sample. The flipper F is placed after

the sample for fixed Ep. After Wicksted et al. [8]

Fig. 4. Constant Q scans for three Q values. Solid lines are model

calculations using a single normalization factor with <^ and p

given by Collins et al. [15]. After Wicksted et al. [8]

Fig. 5. Model calculations for Fe by Wicksted et al. [8] The right

hand side shows constant Q scans with small deviations from the

Lorentzian r/(f + u ) as described in the text. Notice that

the three values of a produce small changes in constant Q scans

but create diastic changes in constant E scans.

Fig. 6. Comparison of constant Q scans for Fe by Lynn [4,5] and Ziebeck

et al. [13] at ILL. These data should be compared with our

results given in Fig. 4(c).
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