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We review the historical development of polarized beam tech-
niques for studies of condensed matter physics. In particular we
describe, in some detail, the recent advance of the triple axis
technique with polarization analysis. It is now possible tc carry
out quantitative characterization of magnetic cross sections
S{Q,w), in absolute units, for a wide range of energy and momantum
transfers. We will discuss some examples of recent inelastic

measurements on 3d ferromagnets and heavy Fermions.
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I. INTRODUCTION -

Polarized neutron scattering has been widely utilized for
condensed matter Physics since 1950's. The first app]icatioh was
the study of spin density disgributions in ferromagnets, following
the pioneering work of Shull and Nathans (I). This technique re-
quires only a double axis configuration, without analyzer, and
the magnetic scattering length p is =caled to the nuclear length
b by the flipping ratio R

2

R=(b+9)

(b - p)2 (1)

This simple technique has turned out to be an extremely sensitive
way to measure p; thus small induced moments in the parainagne-

tic state have also been measured extensively.

In 1957, the Tirst neutron experiments with polarization
analysis was carried out by Nathans et al (2). The set up and
main results of this unpublished work are reproduced in Fig.I.
It was the study of neutron spin flip by the antiferromagnet
Cr203. The polarization in the scattered neutron beam was esta-
blished by measurement of the transmission through a magnetized
polycrystailine block of iron. As predicted by Halpern and

Johnson (3), the polarization state of the neutron beam depands

upon the angle B, as defined in Fig.l.



Then in 1969, the classic paper by Moon, Riste and Koehler (4)
appeared which demonstrated the power of polarization Snalysié
for inelastic as well as elastic neutron scattering. In particu-
lar, when a magnetic field H is applied paraliel (HF) to the
scattering vector Q, then all magnetic scattering is spin flip.
In the configuration shown in Fig.2, this scattering appears in
the flipper ON channel, which also contains the nuclear spin
incoherent scattering (NSI) and all of the background. The
straightforward way to eliminate these unwanted components is
to take the difference between the intensity I for HF and that

for a vertical field (VF), both with flipper ON (see table I).
1= (HF - VF) = 3 Iy
. 53 Iy

This is the method used extensively by Ziebeck, Brown and
their collaborators {5) in a series of pioneering studies of 3d
metals and compounds, including Fe, Ni and MnSi. They used, in-
tentionally, very broad energy resolution so that the analyzer
essentially integrates aver w giving S{Q) directly. The measured
intensities were put on an absolute scale by comparison with
powder intensities. Recent work at Brookhaven (6-10} has focused
on the development of a poiarized beam spectrometer with suffi-
cient energy resolution to give direct information about S(Q,w).
So far wa have centered our effort in the neutron enary range

10 and 150 meV, with Heusler monochromator and analvzer.



Fig.2 depicts our standard triple axis spectrometer converted
into one utilizing polarized incident beams as well as polariza-
tion analysis. Among the many technical problems to be resolved
is the production of a polarized beam with adequate intensity. In
fact, this is the reason why the powerful technique of polariza-
tion analysis has not yet realized its full potential. For the
energy rangé 13-60 meV, we are now down about a factor of 20 in
intensity using a fully polarized configuration as comparad with
our focusing pyrolytic graphite triple axis instrument. This dra-
stic loss of intensity, however, is amply compensated in many ex-
perimental situations by the simplicity and uniqueness of this

technique.

As emphasizad by Ziebeck and Brown (5), it is very important
to put the measured IM into absolute units. This is simple in
principle; but in practice it requires a great deal of effort
and experience (7,8,9,11) to arrive at reliable values. We demon-
strate two examples of our intensity calibrations, one using pho-
nons and the other using powder 1ines. The example shown in Fig.2
utilizes phonon and magnon intensities (7). Actually these data
are collected by unpolarized neutron beams to test out the relia-
bility of using a few selected phonons for conversion. The other
example given in Fig.3 is for polarization analysis of the
scattering from a powder sample of Man. In this favourable case,

cne can attain the calibration accuracy of 5 %.



So far we have concerned ourselves with the use of polarized
neutrons for studies of spin dependent cross sections. However, in
1972 Mezei (12) invented a novel application of a polarized beam,
namely, neutron spin echo. This gives an extremely high energy
resolution by measuring changes in the modulation of the neutron
beam polarization caused by inelastic scattering. One example of

the spin echo measurement will be given later.



I1.

3d FERROMAGNETS

The first series of ferromagnets we have investigated by po-
larization analysis are the 3d metals. Despite extensive studies
in recent years (13), the ferromagnetism in 3d metals has remai~
ned one of the least understood topics of condensed matter phy-
sics. The most interesting ferromagnets are, of course, Fe and
Ni. We have addressed the basic questions concerning the parama-
gnetic scattering from these ferromagnets in our recent series
of neutron scattering studies (7,8,10,14,15). We have presented
a different interpretation from the picture of "persistent spin
waves" above Tc, previously advocated by Lynn and Mowk {16,17)
for Fe and Ni. The main conclusion of our study is that the scat-
tering function S(G,u) follows a simple universal form for a

surprisingly wide range of Q,o and temperature.

However, because of the extremely high energy scale of the
magnetic cross section of Fe and Ni (see the A values in Table
I1), it is nearly impossible to map out the entire scattering
function ${Q,w«}. On the other hand, some of the 3d metallic fer-
romagnets, such as PdZMnSn can easily be studied by the current
neutron scattering technique, utilizing energy transfers of less
than 50 meV. We will briefly describe the results of our polarized
beam study (18) on Pd,MnSn before presenting the more difficult in-

vestigation on Fe and MNi.



We have selected the interme;a]]ic compound szMnSn (one of the
Heusler family) because of its localized, ferromagnetic nature. The
saturated value of.the Mn moment is 4'2HB which is in good agreement
with the value obtained from paramagnetic susceptibility measurements.

The simplest form of the magnetic cross section is :

2
d"o = 222 ~2W.
2 1 T /KT
S(Q,e) = M —47m— (3)
Kl2 N qz T 72,2 . w/KT

where «; is the inverse correlation length and M is simply related to

the static magnetic susceptibility yx by

M2 =12 kg T x (4)

The energy line width T is given by

r=aqef (c/0) (5)

when f (:l/q) is the Résibois-Piette dynamical scaling function (19).

Typical examples of polarized beam data (HF - VF) for PdZMnSn are
shown in Fig.4 and the resulting line width T, resolution corrected,
is shown in Fig.5. The width at Tc follows the scaling formula Eq.5
closely till z=0.2 and changes over to a more general function,
I-coszn;, at high z. The most important result of this study is the
disappearance of spin waves near the zone boundary at Tc. This is in
marked contrast to the case of EuO reported by Mook {20). Since both
Eu0 and PdZMnSn are considered to be good examples of localized moment

ferromagnets, the likely cause of the different paramagnetic responses



near zone boundaries may be long range magnetic interaction in

szMnSn and a small number of excﬁange interactions in EGO (21).

Now.we turn to the more controversial topic of magnetic
correlations in the itinerant ferromagnet Fe above Tc. As seen
in Fig.6(C), the magnetic cross section follows closely the simp-
1e scattering function (see Eqs.3 and 5), as was the case with
the localized ferromagnet sz MnSn. This was a rather surprising
result because the "propagating spin wave" above Tc (16) should
have'shown a pronounced peak around 10 meV (see arrow}. Three
profiles shown in Fig.6 demonstrate the power of polarization
analysis. Fig.ﬁ(h) shows two cross sections flipper ON {mainly
magratic) and OFF (mainly nuclear) with horizontal ffe]d (HF}.
Obviously, only polarization analysis permits clean separation of
the magnetic cross section near AE=0. Although the data ON (HF)
alone still have the uncertainty of the background the difference
ON (HF-YF)} eliminates this (Fig.6 c¢). We were forced to use ra-
ther poor collimation because of intenéity considerations; the

set up has, nevertheless, sufficient resolution to characterize

magnons and phonons below Tc (Fig.6 a).

The overall magnetic scattering of Fe above Tc can be summari-
zed schematically by the equi-intensity contours in Fig.7. The
only modification needed from Eq.2 is a change over from pure Lo-

rentzian to steeper function of « at the tailend of the cross sec-



tion. We have done this by introducing the additional parameter o
(8). Recent theoretical calculations (22), with no adjustable para-
meter, using renormalization methods give almost identical cross
sections to ours. The picture of propagating spin waves, with defi-
nite dispersion curves, above T; was derived by series of constant
E scans. Then Ag/q was converted into AE/E by the "dispersion“ rela-
tion. Quite unexpectedly, the modified Lorentziahs_show relative
sharp peaks in c¢cnstant E scans; tﬁese peaks were interpreted as
propagating spin waves. We conclude that the magnetic fluctuations
in Fe above Tc follow closely the scaling functions (Eq. 3-5), just

as Pd_MnSn did, up z=0.2 (25).

2

Near the zone boundaries, however, distinct signatures of itine-
rant nature within Fe show up in comparison with the localized fe-
rromagnet PdZMnSn. The moments, obtained by energy integration of
S{Q,w), are put in absolute units and these can be comparad directly
with the d.c. susceptibilities at c=0‘as well as any theoretical
calculations. As emphasized by Brown et al (23), the values near
the zone boundaries of Fe are considerably smaller than the locali-
zed Heisenberg model predicts. This is shown in the insert of Fig.7;
the localized model gives the cross section betwsen the broken and
dotted lines. Because of our reactor spectrum, the 1imit of our
energy integration can not go beyond AE=80mzV. This may not be
sufficient to map out the entire spectrum of Fe near this zone
boundary. However, both the Grenoble (23} and Brookhaven (24)

results are in good agreement in that the major cross sections



in Fe are confined to an energy rangé below KTc. In conclusion, a
considerable progress has been made in experimental characterization
of 3d ferromagnets. More definite theoretical treatments for Fe, in
particu]af S${Q,«) near zone boundaries, are needed for the next step

towards a full understanding of 3d magnets.

We have also utilized the polarization analysis for more diffi-
cult pfob1ems of paramagnetic scattering in Ni (7,14,15,25), the
weak ferromagnet MnSi (26) as well as the high temperature phase of
iron, yFe (9). A1l of these have relatively weak magnetic scatte-
ring due to smaller moments. We have combined both unpolarized and
polarized techniqueé; the latter always plays the key role in cru-
cial measurements. Now w2 moved on to more dilute magnetic systems,
where the polarijzation analysis becomes the unique way to separate

out magnetic scattering near AE=0.
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111. HEAVY FERMIONS

Recently we have been engaged in the concentrated effort to
characterize the magnetic scattering from heavy Fermians. The
discovery of superconductivity in heavy Fermion systems (27) has
generated a great deal of excitement concerning the magnetic and
superconducting properties of these materials, for example
CeCUZSiz, U8e13 and UPt3. They are characterized by extraordi-
narily large specific heat coefficients vy at Tow temperature
which corresponds to an effective electronic mass of ; 100 -
They also show the 1argé temperature dependent magnetic suscep-
tibility x: As pointed out by Fisk et al (28), there is a good
correlation betwesn large v's and large x's among many uranium
comgountds. The first aim of our experiments is to test whether
similar correlation exists between v and the quasi elastic line

widths T (see Eq.3).

So far we have used the simple scattering function in Eq.3,
which is a symmetric Lorentzian around AE=0 at high temperatures,
where w%kT and the detailed balance factor (the last term in Egq.3)

is nearly unity. At low temperature, however, the 1ine shape de-

fined by

r W
SQ(&/)G I‘Z-}-mz b (1- e"(b/kT} (6)

is very asymmetric around AE=0 and show a peak around finite

energy transfer AE=T. In more general cases where the magnetic

cross sections contain additional inelastic terms, one can proceed
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by converting the measured S{Q,.) into the imaginary part of the

susceptibility Imx(Q,w) by

s(Qe) = 2 — 1 1ny(0,0) N
Tq.e kT :

Then the real part of the susceptibility can be derived through a

Kramers-Xronig relation:
Rex(q) = L j ImQed 4, (8)

This process permits us to assess whether the measured magnatic

cross sections cover the major part of the spectral weight.

rig.B8 shows our polarized beam data (29) collected from a
powder sample CeCUZSiZ. Though stafistics are rather poor, one
sees noneth2less an asymmetric quasielastic 1ine at 10K, which
becomes more symmetric at 80K. The line width T was estimated
as 1 meV at 10 K and 5 meV at 80K. In addition there is a small
inelastic peak around 32 meV. These peak positions are in good
agreement with the results, previously reported by Horn et al
{30), in time-of-flight measurements.- However, the relative
spectral weights of the quas%e]astic to 32 meV (crystalline
field) exitations were not given previously. Only with the
polarization analysis one can obtain directly the magnetic
cross sections on top of large nuclear cross sections near

AE=0.
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In order to compare with bulk susceptibility measurements, the
‘ data were converted to an absolute scale by comparing the total
paramagnetic scatte}ing to the intensity of the powder peaks from
the sample (see ref.8 and 11). The susceptibility was then gbtained
by the use of Eq.7 and 8. The results of the calculations are
compared with d.c. susceptibility measurements in Fig.9. Within
the precision of the present measurements, it is seen that the
neutron results are in 960d agreement with bulk susceptibility
measurements. This concluysion is consistent with that reached
from measurements {31) of the induced moment magnetic form fac-
tor of CeCu,Si,. Horn et al find, on the other hand, that the
susceptibility calculated from their neutron measurements is much
larger than the bulk susceptibility, a result which was inter-
preted to indicate that CeCuZSi2 is a Kondo-like system. No no-
ticeable effects were observed_in neutron scattering experiments,

which are directly connected with the onsct of superconductivity.

Very recently, anather polarized beam study of CeCUZSi2 was
reported by Johnson et al {32). This was carried cut at ILL with
the technique developed by Ziebeck and Brown (5), utilizing a
broad instrumental resolution of 2I'{Res) = 43 meV. The observed

profile at 6 K shows a single broad peak centered around 30 meV.

On the first glance, this result is entirely different from
our profiles on Fig.8, where the larger of the two peaks is lo-

cated near AE=0. However, if one convolutes our two peak structure
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with 43 meV resolution, one may obtain a single broad peak
centered around 20 meV, The péak might shift to higher

energies if there are significant cross sections beyond 30 meV.
These higher energy excitations, however, contribute 1ittle to
the susceptibility because they are weighted by 1/uw. So far no
cthanges in the magnetic cross sections have beeﬁ detected through

‘the super conducting transitiong at 0.5K.

In summary CeCu?_Si2 has a very narrow line width I'~ ImeV
at Tow temperature and this quasielastic response carries the
majbr spectral weight.vIn this sense, the expected correlation
between y {specific heat) at I (neutron) is satisfied. This is
not the case with another heavy Fermion superconductor UPt3 (34).
As shown in Fig.10, the UPt3 ingot shows a broad peak around I'=9 meV
at 1.3 X and again, the x(Q) obtained through Eq.8 are in reasonable
agreement with the low temperature bulk susceptibility. In ad-
dition the Q dependence of this 9 meV peak shows intensity va-
riation consistent with the uranium form factor, indicating that

there are no strong correlations even at low temperatures.

Very recently, Buyers et al (34) have reported a very different
type of magnetic scattering from single crystals UPt3. The spin
fluctuations are broadly enhanced around (001} (zone boundary)
and signify antiferromagnet correlation. The excitations are

confined to the energy range below 1.5 meV and show a pre-
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cipitous decrease of intensity around.1.5°K on cooling. These ob-
servations are interpreted to be consistent with the existence of
a gap-like structure in the normal phase and the participation of
spin fluctuations in the formation of the superconducting state
below 0.5K. At present, it is not possible to assess the relative
intensity of these Tow energy excitations to those around 9 meV

reported by Aeppli et al (33).

Another heavy Fermion superconductor UBe13 (Tc=0.9 K)_has been
investigated recently by polarized and unpolarized neutron scatte-
ring measurements (11). The majority of the spectral weight is
Tocated in a broad quasielastic peak with r=14 meV¥. So far, no
evidence of a narrow {~ 1 meV) f-level resonance predicted by the
electronic specific heat is observed. This study was carried out
with the powdered sample and the Q dependence of the magretic in-
tensity follows approximately the uranium form factor. Again, no

detectable changes in intensities take place at Tc.

When we compare the polarized beam studies of 3d ferromagnets
with those of heavy Fermions, the latter suffer two major inten-
sity problems. One is the obvious fact that the heavy Fermions we
have investigated are magnetically dijute systems. The second,

probably more important factor is the lack of magnetic correlations
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even at low temperatures; these correlation would enhance
magnetic cross sections in narrow regions of Q space. The
only exception, so far, is a weak antiferromagnetic coupling
in UPt3 discovered by Buyer et al (35). Further experiments

are now underway on CeCu6 and U22n17(antiferromagnet TN=10K).

CONCLUDING REMARKS

So far we have reviewed mainly the magnetic excitations
studied by a triple-axis polarized bzam set up; Qur investi-
gation 1s always combinad with higher resolution unpslarized
triple axis measurements. At the energy range of 10pe¥ or Jower
the novel ultira high resolution technique is now available.
This is neutron spin echo technique of Mezei (12) which has
recently been applied to spin dynarmics of cubic ferroma-
gnets (35). This technique uses the polarization of neutrons
in an entirely different way from the regular polarization
analysis. It is used simply to detect a small change of inela-
sticity, magnetic or non-magnetic, through the echo technique.
One example is shown in Fig.11, whére the most recent triple
axis work (21) overlaps with the spin echo energy range. It
is satisfying to see such a perfect agreement by two very dif-

ferent techniques.
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TABLE 1

Magnetic Iy and nuclear Iy neutron cross sections for
the polarization analysis setup. Ef is fixed and the
flipper is placed after the sample. Other notations

are nuclear spin incoherent (NS1) and background (BG).

Flipper on Flipper off
(+-) (++)
Horizontal field oM + g oNST t OBG oy + Ooy + % INSITOBG

- . 1 2 1
Vertical field 5 ot 3 oNSI t+ oBG oy + 5 0N + 3 oNST T oogg

B et e e A A e ) R s S T T
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Table 2

Cubic Ferromagnets. In this Table A* and xo* are expressed in units of
reduced wave nuaber 7 of the inverse plane distance d*. Note & narrow range of
xg*, in contrast to a very large variation of A*. d* corresponds to (110) for
Fa and (111) for other ferromagnets. n is the nunber of important ‘exchange

constants J;. After P. Boni and G. Shirane (24).

Ni Fe Pd,MaSn Eub

T_(°K) 627 1043 190 69.2
2.5 '

A (zev A7) 350 140 60 8.3
A*(r) - 5900 2400 230 53
A*/rc(sc-l) 9.4 2.3 1.2 . 0.77
K *(z) 0.20 0.34 0.22 0.30
lattice constant a{l) 3.5 2.9 6.4 5.2
a*(a~h 3.1 3.1 1.7 2.1
n _ > 6 -2

. u T-Tc 0.7
I = Aq2-5 at Tc, K1* = xp =
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FIGURE CAPTIONS

Fig.l {a) Schematic diagram of the experimental arrangement used

Fig.2

Fig.3

Fig.4

in determining the neutron polarization after crystal
scattering.

{b) The polarization in the scattered beam from Cr,0,
as a function of the angle g8 for different tempera-

tures. After Nathans, Riste, Shirane, and Shull {2).

The left side is the calibration curve for unpolarized
neutron scattering from 60 Ni. The right side shows a
schematic diagram of a triple-axis spectrometer in the

polarized neutron mode. After Steinsvoll et al (7).

Puramagnetic scattering from powder MnF2 (12 mm cylinder)
with polarization analysis. Powder intensities {see in-
sert) converts these magnetic cross sections to absolute

units. After Goldman et al (11).

Examples of magnetic scattering from the localized, me-
tallic ferromagnet PdZMnSn near its Curie temperature

Tc=193°K. After Shirane et al (18).



Fig.5

Fig. 6

o
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Fig.10
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The linewidth T for the entire zone of (111) in the

Heusler compound PdZMnSn. After Shirane et al (18).

(a) "Unpolarized” neutron study of Fe at T=Tc-322 X.
(b) Polarized beam study at T=1.02 T¢ with horizontal
magnetic field (HF). Open circles are data with flipper
ON {mainly magnetic), and.the dashed curve illustrate
data with flipper OFF (mainly nuclear).

(c) Polarized beam data: horizontal (HF) and vertical
field (VF) difference with flipper ON.

After Wicksted et al (8).

Magnetic cross sections of pure Fe at T=T.+22°K.
Intensity contours are represented by model cal-
culations. After Wicksted et al (8].

Energy distribution of the ‘paramagnetic scattering

{at Q=2A'1) from CeCUZSiZ. After Stassis et al (29).

Comparison of the susceptibility values obtained fronm
the neutror scattering measurements with the bulk sus-

ceptibility of CeCuZSiz. After Stassis et al (29).

Constant Q spectra of UPt, at 1.3°K. After Aeppli

3
et al (33).
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Linewidth versus q of Eu0 in a log-l1og repre-
sentation. The spin echo data by Mezei (35) and
triple axis data by B6ai and Sﬁirane (21) follow
perfectly the dynamical scaling prediction I'=Aq2-5

over 4 decades in energy.
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