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Abstract. Small-angle diffuse neutron scattering measurements have been performed upon 
Co-rich CoGa alloys using the D11 diffractometer at ILL, Grenoble. These measurements. 
in conjunction with a re-investigation of the magnetic properties of the alloys, have 
revealed the existence of superparamagnetic behaviour associated with regions of corre- 
lated spins extending over approximately 60 A. A relationship between the superparamag- 
netic assemblies and groups of CO atoms on the G a  sublattice is suggested by the differ- 
ences in the observed scattering from alloys in the quenched and slow cooled conditions. 
Beyond a critical concentration of 55at?, CO the onset of ferromagnetism is observed 
in the quenched alloys. although superparamagnetic behaviour is found to persist well 
into the ferromagnetic region. 

1 .  Introduction 

The use of diffuse neutron scattering has added greatly to our understanding of 
the roles played by chemical and magnetic inhomogeneities in defining the bulk 
magnetic properties of binary alloy systems. When such inhomogeneities are large, 
e.g. tens of angstroms in extent, as in AuFe where large spin correlations are found 
near the critical concentration (Murani et al 1976), the diffuse scattering at small 
scattering vectors ( K  = 4nsinBi-' < 0.15 A -  ') becomes particularly informative. 
Hitherto most of the alloy systems studied using this technique have been, like AuFe, 
solid solutions where the two components are randomly distributed over the alloy 
matrix. In this paper however we present the results of an investigation of the ordered 
system CoGa. 

At the equiatomic composition CO and Ga combine to form a compound with 
the B2 (CsC1) structure, which may be considered as consisting of two interpenetrating 
simple cubic sublattices, one occupied by CO and the other by Ga. As the B2 phase 
persists over a wide range of concentrations (44atYo-65at0h CO) deviations from stoi- 
chiometry result in a defect structure, a deficiency of CO atoms producing a large 
vacancy concentration on the CO sublattice, while an excess results in their occupation 
of the Ga  sites (Wachtel et al 1973). It has been suggested (Booth and Marshall 
1970, Amamou and Gautier 1974) that clusters of the latter 'antistructure' atoms 
are responsible for the onset of ferromagnetism which is found to accompany depar- 
tures from stoichiometry to the CO-rich region. Evidence of this was provided by 
high field magnetisation measurements upon CoGa alloys which had been quenched 
t Experiments performed at Laue-Langevin. Grenoble, France. 

2567 

2570 R Cywinski,  J G Booth and B D Rainford 

56, 57 and 60at% CO, which we believe represent critical scattering, are at tempera- 
tures in close agreement with the previously reported Curie points of the respective 
alloys (Booth and Marshall, 1970) as can be seen in table 1. A similar cusp is expected 
at the Curie point of the 64at% CO specimen, although the present measurements 
could not be extended to high enough temperatures (T  >> 300 K) for observation 
of any critical scattering effects. Such cusps are not observed in the scattering from 
alloys in the range 52 to S a t %  CO, although these too have been reported to be 
ferromagnetic (Booth and Marshall 1970, Amamou and Gautier 1974). 

The forward peaking of A in the scattering from all alloys was found to disappear 
at temperatures above their reported Curie points. 

Several of the specimens were examined at 4.2 K in the presence of a horizontal 
magnetic field. A marked anisotropy was induced in the scattering: for alloys contain- 
ing 52 to 60at0, CO the anisotropic contribution, B, was found to be positive such 
that the resulting contour pattern of the scattering is prolate with respect to the 
field (figure 2 (4 )  whereas that from the 64ato4 CO specimen showed a small negative 
contribution so that I = A - Bcos20, and an oblate pattern is obtained (figure 2(b)). 
For all but the 52 and 64at% CO alloys both the A and B components exhibited 
a peaking towards small scattering vectors. By way of illustration figure 3 shows 
the zero and applied field scattering from the 53, 56 and 60at% CO alloys. The 
full curves represent a least squares fit of the data to a Lorentzian-like function 
of the form ( K i  + K 2 ) - ' ,  where K O  represents an inverse range parameter. The sig- 
nificance of this fit will be explained in 96. 

I I I I 

i Applied field direction 
* 

Applled field direction 
I b )  - 

Figure 2. Contour plots of the zero and applied field scattering from (a)  the 56 and 
(b)  the 64atY; CO (quenched) samples. (Arbitrary contours). 
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Figure 6. Reduced magnetisation ais, against HIT plots for the 52,  53, 56, 57 and 60aty; 
CO (quenched) samples. 
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CO-rich region of the CoGa system. The relationship between the superparamagnetic 
clusters and groups of antistructure CO atoms on the Ga  sublattice is suggested 
by the differences in the observed scattering from alloys in the quenched and slow 
cooled conditions. In the latter superparamagnetism is not observed until the concen- 
tration at which a clustering of antistructure atoms necessarily occurs. However there 
is no indication from our results of any atomic clustering of the same magnitude 
as that observed for the magnetic clustering. The detection of inhomogeneities less 
than l O A  in extent is beyond the capabilities of the D11 instrument in the mode 
employed in the present experiments, and hence the size of any groups of antistructure 
atoms must be below this limit. It appears then that the superparamagnetic assemblies 
we observe here consist of the correlated spins of a number of such antistructure 
atom groups. Increasing the CO concentration increases the number of assemblies 
until a percolation limit is reached beyond which the assemblies themselves are 
coupled to give long range ferromagnetism in the alloy. According to both our neu- 
tron and magnetisation measurements this limit occurs between 55 and 56at% Co. 
At concentrations greater than this we find the coexistence of both ferromagnetism 
and superparamagnetism, the latter presumably arising from the remaining uncoupled 
assemblies. Not until the 64at?,, CO concentration is reached do we find scattering 
which is predominantly ferromagnetic in form. 

The rapid decrease in the forward peaking of the measured cross section of the 
‘paramagnetic’ alloys with temperature is believed to reflect the thermal disordering 
of the individual spins contributing to the superparamagnetic assemblies. While this 
effect is also found in alloys just beyond the critical concentration here we also 
observe critical scattering at temperatures corresponding to the Curie points of the 
alloys. 

In figure 11 the results of our measurements upon quenched CoGa alloys are 
summarised in the form of a magnetic phase diagram. The indicated ‘superparamagne- 

1 Superparamagnetlc ,@ Ferro i + 
Superparamagnetic - 

CO (at %I 
Figure 11. Magnetic phase diagram of the CoGa (quenched) sqstem 0. Tc from present 
magnetisation and neutron measurements. x , ‘superparamagnetic ordering temperatures’ 
from neutron measurements. A. Tc from Booth and Marshall (1970) 
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LONGPOL was shifted to a more intense beam and the wavelength selection was changed from a 
velocity selector to a graphite double monochromator.  Apart from this the basic diffractometer 
remained the same.  Figure 4 shows the modified instrument. 

 
 

Figure 4.  LONGPOL II.  The change from LONGPOL I is a more intense beam 
hole and double graphite monchomator.  The out of pile shielding retrieved from the 
junkyard is shown. 

 
The out of pile shielding was retrieved from the AAEC’s junkyard.  The RF flipper and cryostat are 
shown more clearly in this photo. 

The other major modification was to select elastic scattering.  To achieve this the RF flipper was 
pulsed randomly and the detector was gated with the same pulse sequence delayed at the neutrom time 
of flight.  This was implemented by John Davis.  Just to confirm that it was effective, a magnon in 
antiferromagnetic Mn-Cu was measured in neutron energy gain by altering the delay [5]. 

The investigation of magnetic diffuse scattering was extended to antiferromagnets at this time.  
An example is that from a single crystal of antiferromagnetic Mn-Ni alloy as seen in figure 5 
5 (a) shows the separated nuclear scattering from the crystal along thee directions.  Clearly the 
distribution of atoms is not random but the distribution statistics can be obtained from these 
measurements.  5 (b) shows the magnetic diffuse scattering which reflects both the distribution of 
magnetic atoms and the variation of magnetic moment due to their environment [6].  The striking 
feature is the peak in diffuse scattering which occurs near the 001 position.  Assuming the 
antiferromagnetic structure is collinear the absence of a Bragg peak at 001 indicates that the spin 
direction of the structure is along z.  The magnetic fluctuations at this point must therefore be 
transverse in order to contribute to the diffuse scattering. 
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Figure 4. Fully corrected atomic disorder scattering cross section of Cr4.5at";Fe at 4.2 K. 
The broken curve represents a least-squares fit of equation (A.5) to the data. 

and (Koester and Knopf 1971) 

h, bcr = 0.353 x lo-' ' cm. 

From the least-squares fit we obtain 

V'(R1)  = -0'105 F 0.05 

the negative sign signifying a clustering of iron impurity atoms within the chromium 
matrix. To our knowledge this is the first time such atomic clustering has been 
reported for dilute Cr-Fe alloys. 

In analysing the nuclear disorder scattering from the Cr-65atY0Fe alloy we have 
adopted the Moss and Walker formalism in preference to the more familiar Cowley 
approach to short-range order (Cowley 1950). As our data have been collected over 
only a limited range of K, application of the Cowley model (which requires a multi- 
parameter fit to provide values of the long-range pair correlations), yields unphysical 
values of the short-range-order parameters. We therefore believe that it is more 
realistic to attempt to fit our data by an approximate method involving a single 
near-neighbour interaction parameter. However, approximate values of the first three 
Cowley short-range-order parameters can easily be obtained from the first-neighbour 
interaction (see appendix 2). It can be shown that 

V'(R1)  = -0.105 

corresponds to the Cowley parameters 

r ( R l )  2 0.146 

x ( R 2 )  2 0.048 

z (R3)  2 0.024 

which in turn suggest that each iron atom has, on average, 1.6 further iron atoms in its 
nearest-neighbour shell. 
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Figure 5. Experimentally determined iM’m for Cr45atXFe at 4.2 K. The broken curve 
represents a least-squares fit of equation (A.12) to the data. 

whereas we find 

PF, - Pcr = -0.6PH 

i.e. 

pFc = 0.08 f 0.08 p B  pcr = 0.68 f 0.08 PB. 

Therefore within experimental error, we have measured zero magnetic moment at the 
iron impurity site. The iron impurity is also found to perturb the first- and second- 
nearest-neighbour chromium atoms by reducing their moment to almost zero. 
(Because of the limited range of K of our measurements the values of g’( R,) for n 2 3 
are unreliable.) 

In arriving at this result we have assumed that the magnetic defect has cubic 
symmetry, and that such defects linearly superpose. These assumptions are reasonable 
since as the magnetic order in Cr-Fe has cubic symmetry it is likely that any disturb- 
ance to that order will also have cubic symmetry. Furthermore the rate of change of 
ordered moment, dp/dc, is almost linear at this concentration, thus suggesting a 
simple addition of magnetic defects. 

The validity of these assumptions is further supported by considering the predic- 
tion of the linear superposition model that 

diildc = pFC - /.icr + G(0). 

For a body-centred-cubic lattice 

G(0) 2 -8g’(R1) + 6 g ’ ( R z )  + 12g’(R3). 

We therefore find, using the values from the least-squares fit, that for Cr-6.5atXFe 

dji/dc 2 -5.6 f 1.4 pB per atom 

Table 1. Parameters obtained from the least-squares fit of equation (A.12) to the experi- 
mentally determined M2(K). 
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Abstract. The neutron polarisation analysis technique has been used to measure the 
atomic disorder and magnetic defect scattering from an antiferromagnetically commensur- 
ate Cr45atXFe alloy. The atomic disorder scattering is consistent with a model in which 
iron atoms cluster, each impurity iron atom having on average 1.6 further iron atoms in its 
first-near-neighbour shell. The magnetic defect scattering suggests that the presence of an 
iron impurity atom reduces the magnetic moment on chromium sites in the first- and 
second-neighbour shells to almost zero. Although no static moment has been observed on 
the iron site it is inferred from the results, in conjunction with previously reported mag- 
netic measurements of CrFe, that the iron atoms are coupled together magnetically to 
form superparamagnetic assemblies which remain uncorrelated with the antiferromagneti- 
cally ordered chromium matrix. 

1. Introduction 

A diffuse neutron scattering experiment in which the incident neutron beam is polar- 
ised and the scattered neutrons are analysed for final spin state provides a powerful 
method of probing the magnetic impurity states in an antiferromagnetically ordered 
matrix. Neutron polarisation analysis is, in fact, the only technique by which a direct 
and unambiguous separation of magnetic defect and nuclear disorder scattering from 
an antiferromagnet can be made (Davis and Hicks 1977). In this paper we present the 
results of an experiment in which an antiferromagnetic Cr-Fe alloy was examined by 
neutron polarisation analysis. The experiment was undertaken to gain an insight into 
the role played by iron impurities in the breakdown of antiferromagnetic order in the 
Cr-Fe system, and to determine the effects of the iron impurities on the surrounding 
chromium matrix. 

Considerable experimental effort has been devoted to the study of the magnetic 
properties of body-centred-cubic Cr-Fe alloys, and the antiferromagnetic chromium- 
rich region of the system has received particular attention. Whereas the magnetic 
order in pure chromium can be described in terms of a sinusoidally varying spin 
density wave which is incommensurate with the crystal lattice, the addition of iron 
impurities results in an increase in the wavelength and amplitude of the spin modula- 
tion until, at 2.3at%Fe, a commensurate antiferromagnetic structure (shown in 
figure 1) is formed (Arrott er al 1967, Ishikawa et a1 1967). Further additions of iron 
cause a rapid decrease of Nee1 temperature and mean magnetic moment (Burke and 
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Disordered materials studied using neutron
polarization analysis on the multi-detector
spectrometer, D7

J. R. Stewart,a*‡2‡ P. P. Deen,a K. H. Andersen,a H. Schober,a J.-F. Barthélémy,a

J. M. Hillier,a A. P. Murani,a T. Hayesb and B. Lindenauc

aInstitut Laue–Langevin, 6 rue Jules Horowitz, 38042 Grenoble, France, bDepartment of Physics,

University of Warwick, Coventry CV4 7AL, UK, and cForschungszentrum Jülich GmbH, Wilhelm-

Johnen-Straße, 52428 Jülich, Germany. Correspondence e-mail: r.stewart@rl.ac.uk

The technique of longitudinal neutron polarization analysis on a multi-detector
neutron spectrometer (so-called ‘xyz’-polarization analysis) is presented. This
technique allows the simultaneous and unambiguous determination of the
nuclear, magnetic and nuclear spin-incoherent scattering cross sections as a
function of both momentum transfer and energy transfer. The implementation
of xyz-polarization analysis on the recently upgraded D7 spectrometer at the
Institut Laue–Langevin in Grenoble is described. Several examples of neutron
polarization analysis studies of disordered systems on D7 are given, illustrating
the valuable information which can be retrieved from the analysis of neutron
diffraction patterns between the Bragg peaks.

1. Introduction

The often-neglected portions of neutron diffraction patterns
of crystalline materials, i.e. those between the nuclear or
magnetic Bragg peaks, provide valuable information on the
degree of disorder, or more correctly, the degree of deviation
from perfect long-range order, in the sample under investi-
gation. This contribution to the total scattering is termed the
diffuse scattering. There are a number of possible causes of
diffuse scattering, examples of which include the presence of
nuclear isotopes, nuclear spin-incoherent scattering, random
or partially ordered solid solution materials (e.g. binary
alloys), interstitial defects, vacancies and internal strain. If the
material under investigation is magnetic, or contains some
magnetic species, then any disordered (paramagnetic)
moment will result in diffuse scattering. Long-range-ordered
magnetic materials with magnetic defects also display diffuse
scattering. However, magnetic diffuse scattering is often weak,
and usually obscured by the nuclear diffuse scattering, as well
as thermal diffuse scattering caused by phonons and inco-
herent thermal excitations in the sample. Using polarized
neutrons, one may simultaneously and unambiguously extract
the nuclear and magnetic cross sections on a multi-detector
spectrometer appropriate for diffuse scattering studies of
powders and single crystals.

The technique of separation of nuclear, magnetic and
nuclear spin-incoherent scattering on a multi-detector neutron
spectrometer, so-called ‘xyz’-polarization analysis (Schärpf &
Capellmann, 1993), will be presented here (see xx2 and 4). This
remains the only technique available which provides unam-

biguous separation of the nuclear, magnetic and nuclear spin-
incoherent scattering cross sections simultaneously over all
scattering angles. As such, it is well suited to diffuse scattering
instruments and inelastic time-of-flight spectrometers, both of
which rely on a large solid angle of detector coverage.

The concepts of diffuse and incoherent nuclear and
magnetic scattering, which are most often what is measured on
D7, will be described in x3.

The dedicated xyz-polarization analysis spectrometer, D7,
at the Institut Laue–Langevin (ILL) will be presented. Recent
upgrades to this spectrometer have been carried out at the
ILL as part of the ILL Millennium Project. D7 now has a high
polarized neutron flux (1:5! 106 n s"1 cm"2 at ! ¼ 4:8 Å) and
is equipped with the world’s largest solid-angle neutron spin-
analysing detector array. A technical review of the neutron
instrumentation employed on D7 will be given in x5.

Finally, in x6 we will present some examples of recent
neutron polarization analysis studies carried out on D7,
demonstrating the unique capabilities of this neutron spec-
trometer, and highlighting its scientific impact.

2. Uniaxial neutron polarization analysis

2.1. Introduction

In order to achieve separation of magnetic and nuclear
diffuse scattering cross sections in a neutron scattering
experiment, analysis of the spin of the scattered neutrons is
required. The equations for the spin-dependent neutron
scattering amplitudes may be deduced from the equation for
the elastic neutron scattering cross section (which is straight-
forwardly generalized to include the inelastic case)

‡ Current address: ISIS Facility, Rutherford Appleton Laboratory, Didcot,
UK.



of the magnetic dipolar interaction at the nearest-neighbour distance r
1

is given by

D =

µ
0

(gµ
B

)

2

4⇡r3
1

k
B

= 0.049K.

I used a Metropolis Monte Carlo algorithm to simulate Eq. (4). The long-range nature of the dipolar interaction
was handled using Ewald summation [7] and the time needed to equilibrate the simulations was estimated using the
spin autocorrelation function. All simulations were performed using spin configurations of size 6⇥6⇥6 conventional
unit cells (3456 spins), and 20 separate simulations were averaged to generate the results shown below.

2 Gd2Sn2O7: results

(a) (b)

Figure 1: (a) Experimental diffuse-scattering data for Gd2Sn2O7 ,collected using the D7 diffractometer at T = 1.1K
(black circles), reverse Monte Carlo fit (solid red line), and calculation for the J

1

+ D Hamiltonian [Eq. (4)] at
T = 1.1K (blue dashed line). (b) Radial spin correlation function hS(0) · S(r)i calculated from RMC refinement
(red diamonds) and from the J

1

+D Hamiltonian (blue bars).

Fig. 1(a) shows the experimental diffuse-scattering data for Gd2Sn2O7 ,collected using the D7 diffractometer
at T = 1.1K, the RMC fit to data, and the calculation for the J

1

+ D Hamiltonian [Eq. (4)] at T = 1.1K with
J
1

= �0.216K and D = 0.049K (similar results were obtained for J
1

= �0.25K and D = 0.049K [5]). The J
1

+D
calculation is scaled vertically to match the experimental data. The good agreement between the experimental data
and the J

1

+D model suggests that further-neighbour exchange interactions are very small in Gd2Sn2O7 . Fig. 5(b)
shows the radial spin-correlation function determined from RMC refinement and the J

1

+D model.
Fig. 2 shows stereographic projections of the probability distribution of spin orientations. These stereographic

projection are expressed in terms of the number of spins n(✓,�) which lie within the angular range d✓, d(cos�),

ln(p) = ln


n(✓,�)

NZd✓ d(cos�)

�
, (6)

where Z is the number of spin configurations and N the number of spins per configuration. The z axis in Fig. 2 is
the local h111i axis for a given Gd3+ ion, and x 2 h112i and y 2 h110i axes are chosen to be orthogonal to z. Both
the RMC refinements and the simulations of the J

1

+D model show a preference for spins to lie within the plane
perpendicular to the local h111i axis at T = 1.1K, which was previously suggested by ESR measurements [8]. The

2

r3a

r3b

Figure 3: Three-dimensional spin correlation function hS(0) · S(r)i for (a) RMC refinement to neutron-scattering
data for Gd2Sn2O7, and (b) J

1

+D model [Eq. (4)]. Both images are viewed down the local h111i axis and show
the coordination environment of each Gd3+ion. Ferromagnetic correlations (hS(0) · S(r)i > 0) are shown as brown
spheres, and antiferromagnetic correlations (hS(0) · S(r)i < 0) are shown as blue spheres. The radius of each sphere
is proportional to

p
|hS(0) · S(r)i|.

been proposed as a chemically-reasonable perturbation to the J
1

+ D model, that can stabilise the k =

⇥
1

2

1

2

1

2

⇤⇤

propagation vector observed in Gd2Ti2O7 [4].
Fig. 4 shows the single-crystal magnetic diffuse-scattering intensity for Gd2Ti2O7. A buildup of diffuse-scattering

intensity towards half-integer h, k, l can be seen, consistent with the incipient k =

⇥
1

2

1

2

1

2

⇤⇤ propagation vector in
Gd2Ti2O7 [9, 10].

4 Conclusions
The powder-averaged magnetic diffuse scattering in Gd2Sn2O7 just above T

N

is consistent with a model contain-
ing nearest-neighbour interactions and the long-range magnetic dipolar interaction, but only very small further-
neighbour terms, as has previously been proposed on the basis of the observed k = 0 magnetic ground state [11]. The
magnetic diffuse scattering for Gd2Ti2O7 above T

N

already hints at the difference in the ordered low-temperature
structures. It might be possible to refine an additional interaction parameter (e.g., J

3b) to the diffuse-scattering data
for Gd2Ti2O7 to place a tighter constraint on the spin Hamiltonian. In this respect, our single-crystal experiment
on CORELLI should help a lot!
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negl i gi bl e, whi l e t hat f or magnet i c scat t er i ng i s l ar ge. Mani pul at i on of t he di r ect i on of t he magnet i sat i on wi t hi n t he cr yst al wi t h
r espect t o t he scat t er i ng vect or t hus enabl es t he r ef l ect i vi t y of t he cr yst al t o be swi t ched on or of f . On a pul sed neut r on sour ce such
swi t chi ng can be phased t o t he neut r on pul se f r omt he moder at or , t he dur at i on of t he magnet i c " on" pul se def i ni ng t he r esol ut i on of
t he monochr omat i ng devi ce, and i t s exact phasi ng def i ni ng, wi t hi n l i mi t s, t he monochr omat ed ener gy.

Thi s paper exami nes t he pr i nci pl es of magnet i cal l y pul sed monochr omat i on on a pul sed neut r on sour ce, and consi der s t he
per f or mance of cer t ai n magnet i c f er r i t es as pul sed monochr omat or s. Compar i sons ar e made bet ween an i nel ast i c scat t er i ng
spect r omet er based on f er r i t e monochr omat i on and spect r omet er s usi ng convent i onal ( copper ) cr yst al monochr omat or s and chopper s .
I t i s shown t hat f er r i t e monochr omat i on pr ovi des a compar i bl e neut r on f l ux at a gi ven ener gy and r esol ut i on, wi t h t he addi t i onal
f l exi bi l i t y t hat el ect r oni c cont r ol of t he r esol ut i on per mi t s an i nst ant aneous bal ance t o be made bet ween r esol ut i on and neut r on f l ux .

I t i s al so shown t hat magnet i cal l y pul sed monochr omat or t echni ques ar e wel l sui t ed t o cr osscor r el at i on spect r oscopy on pul sed
neut r on sour ces.

1. I nt r oduct i on

The f ut ur e devel opment of hi gh r esol ut i on di r ect
geomet r y spect r omet er s f or i nel ast i c neut r on scat t er i ng
on pul sed neut r on sour ces wi l l r el y t o a l ar ge ext ent
upon car ef ul choi ce and opt i mi sat i on of monochr omat -
i ng devi ces . Assessment of t he r el at i ve mer i t s of chopper
and cr yst al monochr omat or s i ndi cat es t hat f or a gi ven
i nci dent ener gy r esol ut i on chopper s can pr ovi de a hi gher
neut r on f l ux at t he sampl e posi t i on, par t i cul ar l y f or
ener gi es gr eat er t han 250 meV [ 1, 2] . Thi s i s due pr i m-
ar i l y t o t he r el at i ve angul ar accept ances of t he chopper
and cr yst al devi ces; t he i nci dent ener gy r esol ut i on of a
chopper spect r omet er i s gover ned mai nl y by t he bur st
t i me of i t s chopper anda wi de i nci dent beamdi ver gence
can be used, wher eas, f or compar abl e r esol ut i on, a
cr yst al spect r omet er r equi r es t i ght angul ar col l i mat i on
wi t h mat chi ng cr yst al mosai c . Ther ef or e, even t hough
t he peak r ef l ect i vi t y of acr yst al may appr oach t he peak
t r ansmi t t ance of a chopper , t he neut r on f l ux avai l abl e
f r omt he devi ce i s r educed because t he cr yst al vi ews a
gr eat l y r est r i ct ed moder at or sol i d angl e.

Despi t e t hei r f l ux l i mi t at i ons cr yst al monochr oma-
t or s have char act er i st i cs whi ch make t hemwor t hy of
consi der at i on f or pul sed sour ce i nst r ument at i on. I n par -
t i cul ar t hei r t echni cal si mpl i ci t y compar es f avour abl y
wi t h t he mechani cal phasi ng compl exi t i es of chopper
devi ces. An addi t i onal advant age i s t he scat t er i ng
geomet r y whi ch r emoves t he sampl e f r om t he di r ect
neut r on beam. One may t her ef or e ant i ci pat e a l ower
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neut r on backgr ound on a cr yst al spect r omet er .
A pul sed sour ce monochr omat i ng devi ce shoul d

t her ef or e i deal l y combi ne t he br oad col l i mat i on, and
hence hi gh i nt ensi t y, of a chopper wi t h t he mechani cal
si mpl i ci t y and pot ent i al l y l owbackgr ound af f or ded by a
cr yst al . Whi l e t he use of cr yst al f ocussi ng t echni ques t o
i ncr ease t he moder at or sol i d angl e " seen" by a cr yst al
may go someway t o r eal i si ng t hi s si t uat i on at l ower
neut r on ener gi es ( Eo < 250 meV) [ 3] new met hods of
monochr omat i on must be expl or ed at hi gher ener gi es.
The pur pose of t hi s paper i s t o i nt r oduce a newconcept
i n pul sed sour ce monochr omat i on i n whi ch ener gy
sel ect i on i s achi eved by Br agg scat t er i ng f r oma cr yst al
r ef l ect i on whi ch has a pur el y magnet i c st r uct ur e f act or .
I t wi l l be shown t hat by magnet i cal l y pul si ng t he cr yst al
r ef l ect i vi t y t he i nci dent ener gy r esol ut i on can be decou-
pl ed f r omt he beamcol l i mat i on on a cr yst al spect r ome-
t er t hus br i dgi ng t he gap bet ween convent i onal cr yst al
and chopper devi ces . I n addi t i on t he magnet i c swi t chi ng
pr ovi des t he f l exi bi l i t y of i nst ant aneous el ect r oni c con-
t r ol of ener gy r esol ut i on and, wi t hi n l i mi t s, of t he
i nci dent ener gy i t sel f .

2 . The pr i nci pl es of magnet i cal l y pul sed monochr omat i on

2. 1 . Magnet i c swi t chi ng

For unpol ar i sed neut r ons t he st r uct ur e f act or
f or a Br agg r ef l ect i on f r om a magnet i c cr yst al i s gi ven
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( Fhkl ) Z= ( Fhkl ) N+g2( Fhkl ) M~
wher e FNand FMar e t he nucl ear and magnet i c st r uc-
t ur e f act or es and q i s def i ned by t he or i ent at i on of t he
magnet i sat i on di r ect i on, ê, wi t hi n t he cr yst al wi t h r e-
spect t o t he scat t er i ng vect or , k . We have
qz =1- ( ê . h) z.

Fr om eqs. ( 1) and ( 2) t he st r uct ur e f act or s f or t wo
speci f i c geomet r i es can be eval uat ed:
1) Magnet i sat i on par al l el t o t he scat t er i ng vect or

qz_0,
( Fhkl ) J- ( Fhkl ) N'

2) Magnet i sat i on per pendi cul ar t o t he scat t er i ng vect or
gz 2 2

=1 , ( Fhkl ) Z- F( hkl ) N+( Fhkl ) M'
I f a monochr omat i ng cr yst al i s chosen f or whi ch t he

r ef l ect i on of i nt er est has a nucl ear st r uct ur e f act or of
zer o t he r ef l ect i vi t y of t he cr yst al ar i ses sol el y f r omt he
magnet i c scat t er i ng and can t her ef or ebe swi t ched of f or
on by usi ng an ext er nal magnet i c f i el d t o change t he
magnet i sat i on di r ect i on wi t hi n t he cr yst al f r omcondi -
t i on ( 1) ( ê 11 k) t o condi t i on ( 2) ( ê 1 k) .

Thi s abi l i t y t o swi t ch magnet i cal l y a cr yst al r ef l ec-
t i on i s of par t i cul ar i mpor t ance i n pul sed sour ce i nst r u-
ment at i on si nce such swi t chi ng can be el ect r oni cal l y
phased t o t he neut r on pul se. The t i me spent i n t he
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( ê 1 k) geomet r y def i nes ( wi t hi n l i mi t s) t he i nci dent
ener gy r esol ut i on of t he devi ce. Consequent l y t he i nci -
dent col l i mat i on and mosai c spr ead of t he cr yst al canbe
r el axed, t hus i ncr easi ng t he t ot al number of neut r ons
avai l abl e f or r ef l ect i on by t he cr yst al .

2. 2. Resol ut i on of t he pul sed monochr omat or

The i nt r i nsi c t i me over whi ch neut r ons ar e r ef l ect ed
by any cr yst al monochr omat or on a pul sed neut r on
sour ce i s gi ven by
At o =t ocot eae.

 

( 3)
t o i s t he t i me of f l i ght f r om moder at or t o cr yst al of
neut r ons scat t er ed t hr ough t he Br agg angl e B. AO i s t he
f whmof t he di st r i but i on of Br agg angl es and i s r el at ed
t o t he col l i mat i on angl e a t hr ough

wher e
a =( Wm+Wc) 12L7 .
Ll i s t he di st ance of t he cr yst al , of wi dt h' W, , f r omt he
moder at or , of wi dt h W. .

The t i me di st r i but i on of neut r ons scat t er ed by t he
cr yst al may be appr oxi mat ed t o a t r i angl e ( f i g. 1) . The
cor r espondi ng ener gy r esol ut i on i s si mpl y
dE/ E=24 t , / t ,.

Fi g. 1. The t i me st r uct ur e associ at ed wi t h a magnet i cal l y swi t ched monochr omat or on a pul sed neut r on sour ce. 6 i s t he Br agg angl ef or neut r ons wi t h t i me- of - f l i ght to f r ommoder at or t o monochr omat or . Theshaded ar ea r epr esent s a magnet i c on pul se of wi dt h At .whi l e t he dashed l i ne shows t he i nt r i nsi c r ef l ect i ng t i me wi t h t he magnet i c r ef l ect i on cont i nuousl y swi t ched on ( ê 1 k) .

bet ween 100 and 500 meV. The col l i mat or t r ansmi t -
t ance f act or i s gi ven by TI T2 =( 0. 66) 2 assumi ng per f ect
col l i mat or s .

( 3) The f er r i t e cr yst al spect r omet er has t he i nst r u-
ment al geomet r y descr i bed i n t he pr evi ous sect i on, wi t h
L3 = 4 m. The swi t ched monochr omat or uses t he ( 111)
r ef l ect i on of t he 62Ni - or ' Li - f er r i t e. The dur at i on of t he
" on" pul se r equi r ed t o gi ve At t w= 0. 04E i s cal cul at ed
usi ng eq. ( 5) .

The r esul t i ng est i mat es of t he f l ux i nci dent on a
sampl e f or t he t hr ee t ypes of spect r omet er ar e shown as
a f unct i on of ener gy i n f i g. 5.

I t can be seen t hat t he neut r on f l ux pr ovi ded by t he
t hr ee met hods of monochr omat i on ar e not gr eat l y di s-
par at e . I t shoul d be not ed t hat t he i nt ensi t y cal cul at ed
f or t he copper monochr omat or assumes t r ansmi ssi on
geomet r y . A gai n of X2 i n t he i nt ensi t y coul d be
expect ed i f r ef l ect i on geomet r y i s used. Af ur t her gai n
of appr oxi mat el y

 

X2. 5 coul d be r eal i sed i f cr yst al
f ocussi ng t echni ques wer e empl oyed. The magnet i cal l y
swi t ched f er r i t e monochr omat or does not l end i t sel f t o
r ef l ect i on geomet r y : at t he Br agg angl es consi der ed her e
a beamof 0. 05 X 0. 5 m2 woul d r equi r e a cr yst al si ze of
appr oxi mat el y 0. 05 X 1. 0 m2. However gai ns of t heor der
of X2. 5 may be ant i ci pat ed t hr ough cr yst al f ocussi ng.
The pot ent i al i nt ensi t i es at t ai nabl e wi t h t he copper and
f er r i t e monochr omat or s ar e i l l ust r at ed by t he dashed
l i nes i n f i g. 5.
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6. Cr osscor r el at i on spect r oscopy wi t h magnet i cal l y pul sed
monochr omat or s

Mook et al . [ 4- 6] descr i be t he use of a magnet i cal l y
pul sed beami n cr osscor r el at i on spect r oscopy on ast eady
st at e neut r on sour ce . Thi s t echni que i s r eadi l y ext ended
t o pul sed neut r on sour ces [ 13] . On a pul sed sour ce t he
magnet i c r ef l ect i on f r omt he cr yst al i s swi t ched on and
of f accor di ng t o a pr edet er mi ned pseudor andom se-
quence. Det ect ed neut r ons ar e gi ven t wo t i me l abel s,
one whi ch def i nes t he t ot al t i me- of - f l i ght f r ommoder a-
t or t o det ect or , and t he ot her bei ng pr ovi ded by t he bi t
of t he pseudor andom sequence whi ch i s cur r ent at t he
t i me of ar r i val of t he neut r on at t he det ect or . Pr ovi di ng
t he pseudor andom sequence r uns asynchr onousl y wi t h
r espect t o t he sour ce pul se, such t hat al l possi bl e phase
di f f er ences bet ween t he t wo ar e equal l y sampl ed, cr oss-
cor r el at i on of t he det ect ed count r at e wi t h t he pseudo-
r andomsequence t r ansf or ms t he second t i me l abel i nt o
t he f l i ght t i me f r omcr yst al monochr omat or t o det ect or .
Knowl edge of t he appr opr i at e di st ance al ong t he neu-
t r on f l i ght pat h t hus al l ows t he moder at or t o sampl e
and sampl e t o det ect or f l i ght t i mes t o be est i mat ed f or
each neut r on scat t er i ng event .

I n cr osscor r el at i on spect r oscopy t hedut y cycl e of t he
pseudor andom sequence i s t ypi cal l y 50%. Ther ef or e t he
neut r on f l ux at t he sampl e posi t i on can be subst ant i al l y
i ncr eased whi l st mai nt ai ni ng a par t i cul ar i nci dent en-
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Fi g. 5. Compar i son of t he var i at i on of f l ux at t he sampl e wi t h ener gy f or t he f er r i t e cr yst al , copper cr yst al and chopper spect r omet er s
di scussed i n t he t ext . The dashed l i nes r epr esent t he pot ent i al gai ns i n f l ux whi ch mi ght be r eal i sed t hr ough cr yst al f ocussi ng
t echni ques and ( i n t he case of copper ) usi ng r ef l ect i on geomet r y.
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The Polaris powder diffractometer at ISIS 

S. Hull, R.I. Smith, W.I.F. David, A.C. Hannon, J. Mayers and R. Cywinski’ 
ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, OX11 OQX, UK 

The Polaris instrument at the ISIS spallation neutron source operates as a medium resolution powder diffractometer. 
The high incident neutron flux enables datasets to be collected with comparatively short counting times or from extremely 
small sample volumes. Examples of recent experiments performed on Polaris, which exploit the high count rate and the 
particular advantages offered by fixed geometry diffraction measurements performed on a pulsed neutron source, are 
presented. 

1. Introduction 

Polaris is a medium resolution time-of-flight powder 
diffractometer situated on beamline Sl at ISIS, the 
UK spallation neutron source. The instrument re- 
ceives neutrons from the uranium target via a 316 K 
H,O moderator poisoned with Gd at a depth of 2 cm. 
The sample position is 12.0m from the moderator 
giving a maximum incident wavelength of 6.59 A. The 
approximate dimensions of the beam at the sample 
position are 40 mm high by 30 mm wide. Viewing an 
H,O moderator, the incident neutron flux is especially 
rich in epithermal neutrons enabling data to be re. 
corded to low d-spacings without running into the sin 0 
limit of fixed wavelength diffractometers. 

Three detector banks, each having a constant Ad/d 

1 Current address: J.J. Thomson Physical Laboratory, 
University of Reading, Whiteknights, Reading, Berkshire, 
RG6 2AD, UK. 

resolution, positioned at low angle, -9O”, and back- 
scattering positions collect data simultaneously and are 
arranged as shown in table 1 and fig. 1. 

The instrument is designed to accept a variety of 
sample environment apparatus. Cryostats, furnaces 
and pressure cells are all available allowing data col- 

Table 1 
Summary of Polaris detector banks. 

Low angle 
bank 

90” bank 

Back- 
scattering 
bank 

12 jHe tubes at 14” < 20 < 27”, 
d-range = 0.5-12.6 A, 
Ad/d = 2 x lo-* 
20 3He tubes at 86” < 20 < 94”, 
d-range = 0.2-3 ‘8 A, 
Adld = 6 x 1O-3 
20 ZnS modules (currently 
being commissioned) 
10 ‘He tubes at 130” < 28 < 155”, 
d-range = 0.2-3 ’ 2 A, 
Adld = 5 x lo-’ 

BACkSCATTERING 
DETECTOR BANK 

90" DETECTOR 
BANK 

Fig. 1. Schematic diagram of the Polaris diffractometer. 
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Fine  particle  SmCo,  magnets as broad  band  neutron  polarisers 
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Abstract. We present  the  results of tests  on  a  prototype  neutron polarising filter composed 
of fine (10 pm) SmCo5  particles in a tin matrix  and  containing  2.45 X lozo samarium  atoms 
cm-*.  The  temperature  dependence of the  transmittance  between  0.012 K and  0.045 K has 
been  measured  as  a  function of neutron  energy  over  the  range 10 meV < E < 300 meV using 
the time-of-flight method  on  a  beam line at  the  Harwell  Electron LINAC (HELIOS) The 
polarising efficiency of the filter was estimated  from  these  pulsed  neutron  measurements. 

1. Introduction 

A  method of broad  energy  band  neutron  polarisation is essential  for efficient operation 
of a  pulsed  source  polarised  neutron  spectrometer so that time-of-flight  techniques 
can  be utilised (Windsor 1981). One such method is that  afforded by the  resonance 
absorption  technique (Cywinski et a1 1981) wherein  neutrons of one  spin  state  are 
preferentially  absorbed  on passing through  a filter of polarised  nuclei.  In  this  respect 
filters  containing '49Sm are  particularly  useful;  the Sm resonance  at 98 meV is broad 
and  should  enable  a high degree of polarisation to  be  achieved  at all energies  up  to 
approximately 200 meV. 

A  filter of Sm-doped  cerous  magnesium  nitrate (CSMN) has  already  been successfully 
tested  (Freeman  and Williams  1978). The CSMN filter was  cooled  to 16 mK  and  an  applied 
magnetic field of 0.1 T was  used to polarise  the Sm  atomic  moments.  Rose-Gorter 
polarisation, utilising the very high hyperfine field of Sm (300T),  then provides  the 
mechanism by which  a  high degree of nuclear  polarisation is achieved.  Unfortunately 
CSMN is an insulator  and local  heating of the filter due  to  neutron  capture  and  subsequent 
gamma  and  internal  conversion  electron emission  within the filter will prove a problem 
in the high  incident  beam fluxes on  advanced  pulsed  sources such as the  Spallation 
Neutron  Source (SNS) at  the  Rutherford  Appleton  Laboratory.  Ideally,  therefore, it is 
necessary to find a  metallic  Sm-based filter  material  for  applications on such sources. 
There  are a number of alloys  which  might  prove  acceptable  as  filters, but  one which is 
particularly  attractive is SmCo,.  This  material is the basis of a  variety of permanent 
magnets  and in  principle it should be possible to  produce  a  permanently  magnetised 
SmCo,  polarising filter  which will operate in the  absence of any  external  applied  field, 
thus  reducing  the  complexity of the filter environment  and  permitting  a  larger filter area 
to  be  used.  This is advantageous  for  broad  band  polarisation analysis  where  large  solid 
angle  analysing  filters are  needed  to  increase  the  count  rate. 

0022-3727/85/091843 + 16 $02.25 @ 1985 The  Institute of Physics  1843 





ISIS (NOT THAT ONE):  ’08 - NOW



3He spin-filters in operation

Typical values: 75% initial 3He nuclear 
polarization with a relaxation time of 100 
hours

Relaxation of the 3He polarization arises from collisions with the 
container walls, from dipole-dipole interactions, and from stray 
magnetic fields. 

Single crystal Si 3He cell  (D17, ILL)

In situ SEOP 3He cell (CRISP, ISIS)

3He polarization for ISIS TS2 phase I instruments
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a b s t r a c t

Here we report on the development of polarization analysis (PA) techniques to be employed at the ISIS
pulsed neutron source second target station. Both spin exchange optical pumping and metastability
exchange optical pumping techniques are being developed at ISIS to produce polarized neutron spin
filters for use as neutron polarizers and analysers. We focus on the developments of a polarization solution
on the LET spectrometer, including the updated design of the PASTIS XYZ coil set and single crystal silicon
analyser cell. We also report on the construction of a combined polarizer/analyser solution for the WISH
diffractometer.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polarized 3He gas may be used as both an effective neutron
polarizer and analyser, in the form of neutron spin filter (NSF) cells
[1,2]. 3He gas can be polarized by one of two methods, metastability
exchange optical pumping (MEOP) [3] and spin exchange optical
pumping (SEOP) [4].

The SEOP technique is applied to an NSF cell filled with 3He gas
(of pressure up to approximately 3 bar), a small amount of alkali
vapour (typically Rb) and a small amount (typically 0.1 bar) of N2.
The SEOP polarization process begins by optically pumping the Rb
with resonant circularly polarized light. This process polarizes
the alkali vapour in the NSF, the polarization of which is then
transferred to the 3He gas by a spin exchange interaction. The
nitrogen in the cell is used to quench unpolarized photons emitted
when the Rb relaxes to its ground state. NSF cells polarized in this
way are ideal for use as neutron beam polarizers as they may be
continuously pumped and held at a high polarization level while
on-beam.

The MEOP process involves directly polarizing 3He gas by use of
a diode laser. The gas must be in discharge at around 1 mbar
pressure and is then transferred into a ‘buffer’ cell. From this buffer
cell the gas may be compressed anywhere up to 4 bar and
transferred into a detachable NSF cell. This of course, allows the
use of refillable NSF cells and gives a high production rate. NSF cells
filled via MEOP are ideal for use in polarization analysis as the filling
technique allows more complicated shapes and larger sizes of NSF
to be utilised.

Here we report on the development of polarization analysis (PA)
techniques at ISIS. We discuss the developments of both MEOP and
SEOP and their use in the implementation of PA on Target Station 2
Phase 1 instruments.

2. LET

The new LET spectrometer at the second target station will be
the first inelastic spectrometer at the ISIS facility with the option
of neutron polarization analysis. With its wide dynamic range
(0.5–80 meV) and large detector coverage (7301 vertical and !401
to 1401horizontal) LET presents many challenges for the installation of
PA. The options chosen are installation of an in situ SEOP 3He incident
beam polarizer and a PASTIS style XYZ analyser system, ‘PASTIS 1.2’ [5].

2.1. SEOP polarizer

The SEOP polarizer is based on a collaborative ISIS, JCNS and ILL
design. It enables continuous pumping of the NSF providing
constant 3He polarization throughout an experiment. Previous
tests of a similar device undertaken at ISIS have shown a capability
to reach a 3He polarization of 65% [2], whilst a device developed at
JCNS has reached a value of 80% [6]. This will provide the capability
to reach neutron polarizations of 490% over a variable wavelength
range depending on the 3He pressure and length of the NSF.

The magnetic field is provided by a 200"600"700 mm ‘magic
box’ style magnetostatic cavity, with the field propagating along
the 600 mm axis, perpendicular to the direction of the neutrons [7].
This allows optical access to polarize the cell, with no mirrors
located within the incident or transmitted neutron beam. The cell
can be heated to temperatures of 170–220 1C using a calcium
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The magnetic structure of DyMn, 

C Rittert, S H Kilwynet and R Cywinskit 
t Institut Laue-Langevin, Grenoble, France 
t J J Thomson Physical Laboratory, University of Reading, Reading RG6 ZAF, UK 

Received 2 August 1990 

Abstract. The evolution with temperature of the magnelic structure of the C15 Laves-phase 
compound DyMn2 has been studied using powder neutron diffraction and magnetization 
techniques. The Dysublattice assumesa spin-canted ferromagneticstructure with 8.8 pBper 
Dy atom. Alrhough all Mn sites within the unit cell are chemically equivalent, only one Mn 
atom in four is found to possess a magnetic moment (of 1.4 ps). These magnetic Mn atoms 
are located at sites with a strongly polarizing magnetic environment resulting from a near- 
neighbour configuration of ferromagnetically mupled Dy spins. A spin reorientation is 
observed at 36 K. and is accompanied by a small thermal expansion anomaly. The Curie 
temperature of DyMn,is found to be 45 K.  

1. Introduction 

It has long been recognized that the rare earth (R)-transition metal (M) intermetallics, 
based on the formula RM2 and collectively known as Laves-phase compounds, are ideal 
model systems with which to examine the interplay between structural, electronic and 
magnetic properties. In particular, attention has been focused on the mechanisms 
responsible for 3d-moment formation and subsequent behaviour in these compounds: 
electronic band widths, Fermi level, local environment and local exchange fields can be 
varied almost independently by partial or full substitution at either (or both) the R and 
the M sites. 

Compounds for which M = CO, Ni or Fe crystallize with the MgCu, (C15-type) 
structure, while those with M = Mn can be divided into two groups: for R = Y, Gd, Tb 
and Dy the cubic C15 structure is obtained, while for R = Lu, Pr, Nd, Sm, Er and 
Tm one finds the hexagonal C14 (MgZn2) structure [1-3]. HoMn,, depending upon 
annealing temperature, can be formed with either the C14 or C15 structure [4]. I n  the 
RFe, compounds the iron atoms possess well localized magnetic moments, whose 
magnitude is independent of R, aligned antiparallel to the rare earth moment. The 
magnetic moment at the cobalt sites in RCo, compounds is induced by the exchange 
field of the magnetic rare earths,while in contrast no nickel moment is observed at all in 
the corresponding RNi, compounds [5-71. However, neutron diffraction, NMR and 
thermal expansion measurements show, the behaviour of the manganese moment in 
RMn, to be far more interesting. 

ThemagnitudeoftheMnmoment in RMn,compoundsappears tobestronglydepen- 
denton theMn-Mnnear-neighbourdistance.ForR = Pr,forwhichtheMn-Mndistance 
is 2.76 A, a maximum Mn moment of just over 3 pB has been determined by NMR 
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Abstract. Neutron powder diffraction has been used to study the evolution of magnetic order
with increasing Zr substitution in the C14 Laves phase compounds Nb1�x

Zr
x

Fe2 (0.18 6 x 6
0.4). For compounds with x = 0.3 and x = 0.4 we find a simple antiferromagnetic structure,
similar to that reported for isostructural TiFe2. In this structure the Fe moments at the 6h sites are
aligned along the c-axis, ferromagnetically coupled within the a–b plane, with adjacent planes
antiferromagnetically coupled. This spin structure results in a cancellation of the molecular
field at the interplanar 2a sites, and the Fe atoms at these sites carry no ordered moment.
The neutron diffraction measurements on Nb1�x

Zr
x

Fe2 compounds in the composition range
0.18 6 x 6 0.22 provide evidence of a low-temperature spin-canted structure in which the
antiferromagnetic structure described above is modified by the appearance of a basal-plane
ferromagnetic component which in turn leads to a small ordered Fe moment at the 2a site.
The temperature dependence of the staggered magnetization in the antiferromagnetic state of
the x = 0.4 compounds is found to closely follow the form M

Q

(T ) / (T

3/2
N

� T

3/2
)

1/2, as
predicted for weak itinerant antiferromagnets by SCR spin-fluctuation theory.

1. Introduction

The C14 hexagonal Laves phase compound NbFe2 exists in a delicately balanced
weak magnetic state characterized by a close competition between ferromagnetic and
antiferromagnetic spin fluctuations. This delicate balance is easily upset by small changes
in composition or by atomic substitution. Stoichiometric NbFe2 is itself a weak itinerant
antiferromagnet with a Néel temperature of approximately 18 K. The ground-state spin
structure is believed to be of the spin-density-wave type [1]. However, with relatively minor
excursions to either Fe-rich or Nb-rich compositions, magnetic order in the Nb1�y

Fe2+y

compounds evolves via coexisting ferromagnetic and antiferromagnetic phases [2, 3]
(for �0.015 6 y 6 +0.015), to ferromagnetism at higher Fe (y > +0.015) or Nb
(y 6 �0.015) concentrations. On the other hand, substitution for Nb or Zr [4, 5] in the
pseudobinary system Nb1�x

Zr
x

Fe2 rapidly stabilizes weak ferromagnetism, with a reversion
to antiferromagnetism occurring at a Zr concentration of x ⇡ 0.18. In the antiferromagnetic
state the Néel temperature rises rapidly with concentration, reaching room temperature at
approximately x = 0.4. With further increases in Zr content, near the composition x = 0.6,
the compounds crystallize with the cubic C15 Laves phase structure rather than with the
hexagonal C14 form. Stoichiometric ZrFe2 is a ferromagnet with interesting Invar properties,
and a small magnetic moment at the Zr site.

k Author to whom any correspondence should be addressed.
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3Department of Chemistry, University College London, 20 Gordon Street, London WC1H 0AJ, United Kingdom
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M. W. Long and collaborators [Phys. Rev. B 83, 054422 (2011)] recently proposed magnetic structures for
gadolinium titanate that differ from those previously reported by us [J. R. Stewart, G. Ehlers, A. S. Wills, S. T.
Bramwell, and J. S. Gardner, J. Phys.: Condens. Matter 16, L321 (2004)]. In this Comment, we show that
the calculated structure factors, S(Q), of the newly proposed models are inconsistent with our neutron powder
diffraction data. Long and colleagues were led to reconsider the magnetic structure of gadolinium titanate on the
basis of a number of theoretical and experimental assumptions. We argue that these assumptions have no basis
in fact and conclude that they provide no reason to doubt our published magnetic structures.

DOI: 10.1103/PhysRevB.85.106401 PACS number(s): 03.75.Lm, 75.10.−b, 75.25.−j, 75.50.Ee

The authors of Ref. 1 have proposed magnetic structures
for the two ordered phases of Gd2Ti2O7

1 that differ from those
previously shown by us to be consistent with high precision
powder neutron diffraction data. We have carefully tested the
models of Ref. 1 and show here that they do not produce the
observed magnetic structure factors reported earlier.2–4 Hence
the models proposed in Ref. 1 do not represent the magnetic
structures of Gd2Ti2O7.

Magnetic neutron diffraction measures the structure factor
S(Q) directly, so while there may be several possible models
that are consistent with neutron scattering data, any model that
is inconsistent with it (like those of Ref. 1) can be definitively
ruled out. Multi-k variants of a magnetic structure correspond
to ones where the moment orientations are constructed from a
summation of symmetry-related structures that are generated
from an initial single-k structure by application of the coset
generating elements, A of the star of the propagation vector.
The powder average of the neutron diffraction scattering
structure factors for the different reciprocal lattice vectors (hkl)
is necessarily identical for each value of k involved in this
summation as they are themselves related by the operations
of A. Following this, we have previously shown that S(Q) for
Gd2Ti2O7 is consistent with either a 1k or 4k structure.3 Both
the 1k and 4k model require two inequivalent Gd sites. The
inequivalency of one of the sites that arises for the single k
vector is retained in the 4k structure, because the extension of
the structure to include components from the four propagation
vectors involves the coset generating elements, A, rather than
the symmetry elements within Gk , as discussed later. It is,
however, adapted to follow the symmetry of the 4k vectors
and so leads to inequivalent tetrahedra. Three quarters of
the positions of the Gd3+ sublattice have moments derived
from Bragg diffraction that are relatively large, indicating that
these spins are involved in long-range order. Their thermally
averaged moments approach the maximum expected for Gd3+

in the low temperature limit. In contrast, one in four Gd3+

moments do not contribute to the Bragg intensity of the high

temperature phase above 770 mK and are therefore disordered
on the length and time scales probed with neutrons. They do,
however, acquire a relatively small ordered moment in the low
temperature phase.

At first glance these models may appear surprising. This is
because not all of the symmetry information of the parent
crystal structure carries through to the magnetic ordering.
The pyrochlore lattice consists of four interpenetrating face
centered cubic Bravais lattices, and the four Gd sites of the
tetrahedral basis differ only in the orientation of the local
trigonal axis of point symmetry. The authors of Ref. 1 argue
from a local perspective, invoking Mössbauer results, that
each of the four sites should have an identical thermally
averaged moment. However, this argument can be ruled out
once the 1

2
1
2

1
2 propagation vector is accepted. The magnetic

structure is defined with respect to the symmetry operations
of the space group G0 that leave the k vector invariant. These
form the so-called little group Gk . For k = 1

2
1
2

1
2 , Gk contains

only 12 rotational-translational symmetry operations with only
one threefold axis being retained of the four present in the
crystal space group G0. This loss of symmetry means that
there are insufficient symmetry operations in Gk to generate
the four equivalent positions of the Gd3+ crystallographic
site and this site is correspondingly split into two disjoint
groups, called orbits. Taking the four Gd positions as forming
a tetrahedron with the k vector going along one of the threefold
axes, the first orbit contains the three equivalent positions
of the triangular face perpendicular to k; the second orbit
contains the single position that the k vector passes through.
As there are no symmetry operations within Gk that relate
the magnetic moments of all four moments of the Gd3+

tetrahedron, there is therefore a 3:1 splitting of the sites in the
magnetic structure that occurs irrespective of the details of the
irreducible representations that are involved in the ordering.
Equal moments are possible by accidental coincidence, but
this possibility can be ruled out from the observed Bragg peak
intensities, as shown in Fig. 1 (top panel). Another important

106401-11098-0121/2012/85(10)/106401(3) ©2012 American Physical Society
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Spin dynamics, short-range order, and spin freezing in Y0.5Ca0.5BaCo4O7
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Y0.5Ca0.5BaCo4O7 was recently introduced as a possible candidate for capturing some of the predicted classical
spin kagome ground-state features. Stimulated by this conjecture, we have taken up a more complete study of
the spin correlations in this compound with neutron scattering methods on a powder sample characterized with
high-resolution neutron diffraction and the temperature dependence of magnetic susceptibility and specific heat.
We have found that the frustrated near-neighbor magnetic correlations involve not only the kagome planes but
concern the full Co sublattice, as evidenced by the analysis of the wave-vector dependence of the short-range
order. We conclude from our results that the magnetic moments are located on the Co sublattice as a whole and that
correlations extend beyond the two-dimensional kagome planes. We identify intriguing dynamical properties,
observing high-frequency fluctuations with a Lorentzian linewidth ! ! 20 meV at ambient temperature. On
cooling a low-frequency (∼1 meV) dynamical component develops alongside the high-frequency fluctuations,
which eventually becomes static at temperatures below T ≈ 50 K. The high-frequency response with an overall
linewidth of ∼10 meV prevails at T ! 2 K, coincident with a fully elastic short-range-ordered contribution.

DOI: 10.1103/PhysRevB.83.024405 PACS number(s): 75.25.−j, 25.40.Fq, 61.05.fm, 75.40.Gb

I. INTRODUCTION

An ensemble of magnetic moments (“spins”) residing on
a two-dimensional kagome lattice has been known for a long
time as a prototype for topological magnetic frustration.1,2

In recent years, a number of materials has been synthesized
where S = 1/2 or S = 3/2 spins reside on such a lattice or
have a sublattice containing kagome layers. If the couplings
are sufficiently two dimensional in character, long-range order
at low temperature is suppressed and the effects of frustration
can be studied experimentally. Topical materials in this class
include S = 1/2 systems such as volborthite, Cu3V2O7(OH)2 ·
2H2O,3–5 and herbertsmithite, ZnCu3(OH)6Cl2,6–10 as well
as others with a higher spin quantum number, such as
the S = 5/2 jarosites AFe3(OH)6(SO4)2,11,12 and the dou-
ble kagome layer (termed pyrochlore slab) compounds
with S = 3/2—SrCr9xGa12−9xO19 (SCGO) (Refs. 13–17)
and Ba2Sn2ZnCr7xGa10−7xO22 (BSZCGO).18–21 Owing to a
complicated chemical composition and crystal structure, the
low-temperature properties of these systems are complex and
sometimes controversial. Deviations from the simplest nearest-
neighbor isotropic interaction picture, slight deviations from
the ideal frustrated topology of the magnetic sublattice, and the
role of defects and impurities can influence the properties in
a way that may be difficult to clarify. A long-term goal in the
field has been to synthesize compounds that would exhibit
and therefore confirm the expected quantum (see Ref. 22
and references therein) or classical23–27 properties revealed
in theoretical and numerical studies of the nearest-neighbor
Heisenberg hamiltonian.

Recent studies of 114 cobaltite compounds with the
composition YBaCo4Ox (7 " x " 8) and substituted variants
have revealed the interesting frustrated properties and intri-
cate chemistry of these compounds.28–38 The substitutionally
disordered system, Y0.5Ca0.5BaCo4O7,39 was proposed as a

new kagome material involving Co2+ (S = 3/2) ions.40 A
combination of different arguments involving charge balance,
local Co ion site symmetry, and possible oxygen deficiency
was used to propound Y0.5Ca0.5BaCo4O7 as a two-dimensional
spin system in which high-spin (S = 3/2) Co2+ ions are
arranged in kagome planes (labeled Co2 on the 6c Wyckoff
position), with additional low-spin (S = 0) Co3+ ions pref-
erentially residing in intermediate layers (labeled Co1 on
the triangular planar 2a Wyckoff position), separating the
kagome planes. Quantitative modeling of the reported cold
neutron polarized neutron diffraction data led Schweika and
co-workers to the conclusion that the observed features match
the classical kagome ordered-state expectations,40 allowing for
the “weather vane” defects typical of the low-energy response
of the system.12 Motivated by this observation, we have
undertaken a more complete neutron scattering examination
aiming at better understanding of the static and dynamic
magnetic response, in the context of theoretical work on the
dynamics and ordering of the classical kagome system.25–27

It was reported earlier that Y0.5Ca0.5BaCo4O7 is charac-
terized by a large magnitude Curie-Weiss constant, "CW ∼
−2200 K, and the apparent absence of a magnetic ordering
transition down to T ∼ 1.2 K,39,40 suggesting a significant
degree of frustration. Accordingly, the magnetic properties
of Y0.5Ca0.5BaCo4O7 appear very different from the parent
compound YBaCo4O7, which shows a transition to a state
with a long-range magnetic order below T = 110 K, at
a reasonably high temperature, but nevertheless below the
mean-field expectation based on the value "CW ∼ −510 K
found for this compound.34 One might argue that the difference
with respect to the nonsubstituted case is associated with
the important effect of heterovalent substitution of Ca2+ for
Y3+ and the resulting enhancement of geometric frustration
owing to a decrease of dimensionality. The magnitude of

024405-11098-0121/2011/83(2)/024405(12) ©2011 American Physical Society
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Non-Fermi-Liquid Behavior of Electron-Spin Fluctuations in an Elemental Paramagnet
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We report for the first time, the observation of non-Fermi-liquid scaling behavior in an elemental
paramagnetic metal. Both the dynamical susceptibility and the resistivity of !-Mn are shown to display
non-Fermi-liquid scaling over a relatively large temperature range at ambient pressure. The temperature
dependence of the resistivity in !-Mn is consistent with the existence of an antiferromagnetic zero-
temperature phase transition or ‘‘quantum critical point.’’ Since there is no site disorder in this pure
element, we show that non-Fermi-liquid behavior observed in !-Mn is not a consequence of summing
over different local atomic environments, but a much more fundamental phenomenon.

DOI: 10.1103/PhysRevLett.89.186403 PACS numbers: 71.10.Hf, 71.27.+a, 75.40.Gb, 78.70.Nx

Introduction.—!-Mn is the only stable form of elemen-
tal Mn which does not display magnetic order at low
temperatures. The simple cubic !-Mn crystal structure
consists of two crystallographically inequivalent sites,
with 8 site I and 12 site II Mn atoms per unit cell.
Mössbauer [1] effect and NMR [2] studies indicate that
itinerant magnetic moments reside only on the site II
positions, due to the larger Mn-Mn near neighbor sepa-
ration and hence, reduced electron hopping associated
with this site [3]. !-Mn has recently been characterized
as an antiferromagnetically correlated quantum spin
liquid [4] in which the presence of geometrical magnetic
frustration and stong zero-point fluctuations prevent both
long-range and short-range static magnetic order at low
temperatures. In fact, our own previous muon spin re-
laxation measurements [5] of !-Mn indicated high-
frequency spin fluctuations in the motional narrowing
limit for muons ( > 108 Hz) at all temperatures. In-
triguingly, it has also been proposed that !-Mn is strongly
exchange enhanced, with the observation of a large
electronic coefficient of the specific heat [6] of
!80 mJmol"1 K"2, and a characteristic

!!!!

T
p

dependence
of the NMR nuclear spin-lattice relaxation rate [4], 1=T1,
suggesting a system on the verge of magnetic order at T #
0 K. Furthermore, our own resistivity measurements of
!-Mn, shown in Fig. 1, suggest the presence of non-
Fermi-liquid (NFL) scaling, with the low temperature
resistivity following the functional form

"$T% " "0 / T# (1)

with the exponent # # 3=2 rather than the value of # # 2
expected for a Fermi liquid. In fact, this exponent of 3=2
corresponds to that expected for a TN # 0 K itinerant
electron antiferromagnet according to the self-consistent
renormalization theory of Moriya [7]. The residual resis-
tivity "0 was found to be large with a value of
!80 $! cm, as shown in the inset of Fig. 1, considerably

lower than the value of 150–250 $! cm found by
Nakamura et al. [4]. Nakamura has identified these rather
large values of "0 with the presence of microstructural
cracks in the !-Mn ingots introduced during sample
preparation, which involves a quench-cool from around
900 &C to room temperature.

Since the value of the exponent # found in our resis-
tivity measurements is somewhat dependent on the lim-
ited temperature range over which the data are fitted, it is
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FIG. 1. Log-log plot of the temperature dependence of the
resistivity of !-Mn. The solid line is a fit to the data of Eq. (1),
with the exponent, # # 3=2, a clear indication of NFL scaling
in !-Mn. The inset shows the same data, including the residual
resistivity plotted on linear axes. The value of # # 3=2 found
here corresponds to that predicted for a nearly (TN # 0 K)
antiferromagnetic metal according to the spin fluctuation the-
ories of Moriya [7] (see text).
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Figure 6.17 
Background subtracted muon depolarisation spectrum for �-Mn at 5K, normalised to an 
initial asymmetry of 1.  The solid line is the simulated depolarisation spectrum, using the 
theoretically calculated field distribution at the (3/8,3/8,3/8) muon site in �-Mn. 
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Figure 6.17 
Background subtracted muon depolarisation spectrum for �-Mn at 5K, normalised to an 
initial asymmetry of 1.  The solid line is the simulated depolarisation spectrum, using the 
theoretically calculated field distribution at the (3/8,3/8,3/8) muon site in �-Mn. 
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Abstract 
13-Mn is paramagnetic down to the lowest temperature with strong spin fluctuations. Substitution of AI impurity makes 

the ground state into spin glass. By using polarized neutron scattering, we have directly observed antiferromagnetic spin 
fluctuations for both 13-Mn and [3-Mn0.9Alo. 1. The characteristic energy of fluctuations for [3-Mn is fairly large even at 7 K, 
implying a quantum origin for the fluctuations. On the other hand, the energy spectrum of [3-Mno.9Alo. 1 becomes very sharp 
at low temperatures, indicating damping of spin fluctuations into the spin glass state. The temperature dependence of the 
spin-lattice relaxation time, T1, of 55Mn NMR also indicates the critical slowing down of fluctuations at low temperatures for 
[3-Mno.9ml0.1 . 

[3-Mn has a nearly temperature-independent susceptibil- 
ity and shows no magnetic ordering down to the lowest 
temperature, indicating the absence of local magnetic mo- 
ments. However, there is much evidence which indicates 
the existence of strong spin fluctuations, such as a large 
electronic specific heat coefficient, 3' [1]. Recently, we 
investigated the effects of AI substitution on the mag- 
netism of 13-Mn by preparing [3-Mnl_xAl x alloys and 
showed that the substitution of a small amount of AI for 
Mn results in the formation of local moments on Mn atoms 
and a spin-glass state at low temperatures for x > 0.05 [2]. 
Noting the similarity with the Y(Sc)(Mnl_xAlx) 2 system 
[3], we have pointed out that the ground state of 13-Mn 
may be in a spin-liquid state due to magnetic frustration, 
and that the A1 substitution causes a spin-liquid to spin- 
glass transition as a result of the partial removal of spin 
configurational degeneracy. In other words, the spin fluc- 
tuations in this system transfer from very dynamical 
(quantum) fluctuations to more static ones, keeping antifer- 
romagnetic correlations. In order to clarify the character of 
the spin fluctuations in this system, we have carried out 
inelastic neutron scattering and NMR measurements on 
13-Mnl_xAI x alloys, which were obtained by rapid 
quenching of alloy ingots into iced water from 900°C. 

Polarized neutron scattering experiments were per- 
formed using the triple-axis spectrometer, PONTA 5G, 

* Corresponding author. Fax: +81-75-751-7844; email: 
a50473@sakura.kudpc.kyoto-u.ac.jp. 

installed at JRR-3M of JAERI. The fixed incident neutron 
energy was 80 meV for pure [3-Mn and 34 meV for 
~-Mno.9Alo. 1. The energy resolution of the spectrometer 
was 2Fre s = 19.3 meV for the former and 2Fre s = 5.8 meV 
for the latter conditions. Details of the measurements are 
given elsewhere [4]. Spin-echo NMR measurements were 
made with a phase-coherent pulsed spectrometer. The nu- 
clear spin-lattice relaxation time, TI, was measured by 
conventional saturation-pulse method with a single satura- 
tion pulse from 4.2 to 200 K. 

Fig. 1 shows the results of the quasi-elastic Q scan of 
~-Mn at room temperature and 7 K. A broad peak was 
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Fig. 1. Magnetic neutron scattering rate of 13-Mn as a function of 
wave vector, Q, measured in the quasi-elastic mode (AE = 0) 
with energy resolution, 2F~e s = 19.3 meV at 7 K (©) and 290 K 
(0). 
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Spin correlations from RMC

strongly antiferromagnetic nearest-neighbor correlations
are present. However, we find that ferromagnetic further-
neighbor correlations are prominent and note that ferro-
magnetic correlations between fifth-nearest neighbors are
as strong as nearest-neighbor antiferromagnetic correla-
tions. This finding is perhaps unexpected, given conven-
tional descriptions of !-Mn as a frustrated antiferromagnet
[7], but may nonetheless be consistent with spin-polarized
density-functional theory studies, which predict ferromag-
netic correlations within the 12d Mn sublattice [5].

To complement the model-independent RMC approach—
which characterizes the magnetic correlations—we seek
now todevelop aHamiltonian for!-Mn0:8Co0:2 that captures
the key magnetic interactions. Analysis of the RMC spin
configurations indicates that the degree of spin anisotropy is
small, suggesting that an effective Heisenberg model is
appropriate (see the Supplemental Material [15]). The
Heisenberg Hamiltonian can be written as

H ¼ " 1

2

X

R;R0

X

a;b

JabðR;R0ÞSaðRÞ % SbðR0Þ; (3)

where JabðR;R0Þ & Jn is a coupling between nth neighbors
and each classical spinvector SaðRÞ & Si is labeled by a site

indexa 2 f1; 12g and a primitive lattice translationvectorR.
Here, the Heisenberg Hamiltonian is used as a phenomeno-
logical model, in which magnetic interactions between both
localized and conduction electrons are renormalized into a
small number of parameters. This effective local-moment
approach has been widely used to study metallic systems
(see, e.g., [18]). We use a mean-field theory [19] to calculate
the paramagnetic neutron scattering pattern for a given set of
Jn. The Fourier transforms of the JabðR;R0Þ are written
as a 12' 12 Hermitian matrix JðqÞ, whose eigenvalues
"ðqÞ and eigenvectors UðqÞ are related to the magnetic
neutron scattering intensity by the expression

IMFðQÞ / ½fðjQjÞ)2#0T
X

$;a;b

Ua$ðqÞUy
$bðqÞ

1" #0"$ðqÞ
expðiQ % rabÞ;

(4)

where $, a, b 2 f1; 12g, #0 is the noninteracting spin sus-
ceptibility, and Q ¼ qþG, with q a vector in the first
Brillouin zone and G a primitive reciprocal lattice vector
[19]. The interaction parameters Jn were fitted to the data
shown in Fig. 2 using a least-squares approach (see the
Supplemental Material [15]). In order to determine the mini-
mum number of Jn sufficient to describe the data, we plot the
dependenceof the sumof squared residuals#2 on the number
of Jn allowed to vary. The results of this procedure are
surprising yet unambiguous [Fig. 3(b)]: only two interaction
parameters are necessary to fit the data, with the inclusion of
up to 10 further parameters leading only to small additional
improvements in the fit. The two essential parameters are
antiferromagnetic J1 and ferromagnetic J5 [corresponding
to the two largest magnitudes of hSð0Þ % SðrÞi in Fig. 3(a)].
The ratio J5=J1 + "0:65. While the two symmetry-
inequivalent J1 shown in Fig. 1 need not be equal, allowing
their values to refine independently resulted in only very
small (qualitatively imperceptible) improvements in the fit.
We also note that, in a metal, the temperature dependence
of #0 may not follow Curie’s law, so it is not possible to
place the interaction parameters on an absolute energy scale.
The high quality of the fit to neutron scattering data obtained
[Fig. 2 (bottom right panels)] is remarkable given that the
model involves just two parameters.
This simple J1-J5 Hamiltonian helps explain the absence

of magnetic order in !-Mn1"xCox. In a conventional mag-
net, the largest eigenvalue of the Fourier transform of the
interaction matrix with elements JabðR;R0Þ—denoted
"maxðqÞ—has a global maximum at some wave vector
q ¼ qord in the first Brillouin zone. At the mean-field level,
this is the propagation vector of the first ordered state [20].
By contrast, in a frustrated magnet, "maxðqÞ is flat in q,
preventing the formation of an ordered state [21]. In real
materials, a completely flat spectrum of "maxðqÞ is
never obtained. However, the spectrum of "maxðqÞ in
!-Mn1"xCox is nearly flat across a large surface in q space
(see the Supplemental Material [15]), suggesting that

FIG. 3 (color). (a) Radial spin correlation function hSð0Þ %SðrÞi
calculated from RMC spin configurations. (b) Variation of the
sum of squared residuals #2 as a function of the number
of interaction parameters Jn allowed to vary when fitting a
Heisenberg model [Eq. (3)] to the data. The #2 minimum for
J1 þ Jn (red line) at n ¼ 5 indicates a good fit to data, which is
not significantly improved by allowing a third parameter to vary
(green line) or by including all Jn up to n ¼ 12 (blue line).
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FIGURE 5

18

 Summed rod correlations look like correlations on simple 
AFM Heisenberg triangular lattice 

frustration of the J1-J5 Hamiltonian is a key factor
contributing to the lack of order.

Having obtained a credible interaction model, we
proceed to determine how these interactions are manifest
in the spin correlations obtained from RMC fitting of the
T ¼ 1:5 K data. The radial spin correlation function
hSð0Þ $ SðrÞi shown in Fig. 3 does not suffice for this
purpose because the radial average obscures the relation-
ship of the crystal structure to the spin correlations. We
therefore consider the three-dimensional spin correlation
function hSð0Þ $ SðrÞi. When moving from one spin to the
next in this configurational average, we take account of the
crystal symmetry by defining local coordinates (x, y, z)
which reflect the crystallographic equivalence of each
Mn atom (Fig. 1). The relationship between J1 and J5

interactions is shown in Fig. 4. An arbitrary central Mn
atom is coupled by ferromagnetic J5 interactions along
helical chains [Fig. 4(a)]. Representing these chains as
rods oriented along the helical axis maps a set of helices
onto a triangular rod lattice. In this picture, the entire
structure is described as four such rod lattices, oriented
along the cubic h111i directions [4]. The central Mn is
coupled by antiferromagnetic J1 to two atoms within the
same rod sublattice; its four other nearest neighbors belong
to the other three rod sublattices [Fig. 4(c)].
The mapping of the !-Mn structure onto a rod packing

suggests considering the spin correlations in two different
orientations: along the J5 rods and in the plane perpendicu-
lar to them. We consider first the spin correlations along J5
rods, denoted as hSð0Þ $ SðrzÞi. This quantity represents the
correlation of a central Mn spin with its neighbors at
distance rz within the central rod in Fig. 4(a). Values of
hSð0Þ $ SðrzÞi are shown in Fig. 4(b): they are always
ferromagnetic and show an approximately exponential
decay as a function of rz with correlation length "z % 5 !A.
This trivial rz dependence means that it is possible to
interpret a rod as behaving like a single collective
object and to calculate the summed spin correlation value
h!ð0Þ $ !ðrxyÞi ¼

P
r2rodhSð0Þ $ SðrÞi, where the sum is

over all displacements within the helical chain centered at
rxy and directed along z. These sums do not diverge because
the ferromagnetic correlations have finite length. Values of
h!ð0Þ $ !ðrxyÞi are shown in Fig. 4(d) (right panel). The
magnitude of h!ð0Þ $ !ðrxyÞi decays with exponential cor-

relation length "xy % 7 !A (see the Supplemental Material
[15]). The sign of h!ð0Þ $ !ðrxyÞi alternates throughout the
triangular rod packing because adjacent rods are coupled
by J1. This pattern strongly resembles the h!ð0Þ $ !ðrxyÞi
function calculated for an antiferromagnetic Heisenberg
model on the triangular lattice [22,23], shown in Fig. 4(d)
(left panel). We therefore suggest that the comparable
strength of J1 and J5 leads, over short length scales, to
frustration of multispin rods on a triangular lattice. This
emergent behavior contrasts with the frustration of single
spins on a hyperkagome lattice which would result from a
J1-only model [6].
The identification of strong magnetic frustration and

emergent spin structures in such a compositionally simple
system provides a valuable experimental reference point
against which to benchmark developments in the theory
of unconventional metals [24,25]. Our results may provide
a tantalizing glimpse at the behavior of elemental !-Mn
itself: the magnetic diffuse scattering is robust to Co con-
centration in the range for which single crystals can be
prepared, and the jQj-dependence of the diffuse scattering
from powder samples remains essentially unchanged for
the entire range of Co concentration from zero to 20%,
with only an increase in the static magnetic moment evi-
dent on doping [7,10]. The observation of spin structures
resembling the canonical triangular antiferromagnet in

FIG. 4 (color). (a) Ferromagnetic J5 interactions couple spins
along helical chains, shown as thin red lines. The direction of
propagation of each chain is shown as a thick red rod. The
complete crystal structure can be described as four rod sublat-
tices, each of which describes a triangular rod lattice. For
clarity, only a single rod sublattice is shown. (b) Spin correla-
tions hSð0Þ $ SðrzÞi along J5 rods are always ferromagnetic
and decay exponentially with distance rz along the rod.
(c) Antiferromagnetic (AFM) J1 interactions, shown as thin
lines, couple spins from adjacent rods. An arbitrary central Mn
atom, shown as a large red sphere, is coupled to two atoms within
the same rod sublattice (colored red); its four other nearest
neighbors belong to the other three rod sublattices (colored
green, blue, and yellow). (d) The right panel shows spin corre-
lations h!ð0Þ $ !ðrxyÞi perpendicular to J5 rods. Values shown
represent a sum along each rod, as described in the text, and are
normalized by hj!ð0Þj2i. The spin correlations alternate between
antiferromagnetic and ferromagnetic throughout the triangular
rod lattice. The left panel shows spin correlations h!ð0Þ $ !ðrxyÞi
for a frustrated antiferromagnetic Heisenberg model on the
triangular lattice (see the Supplemental Material [15]).
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THE OBSESSION CONTINUES…

• Muons DO see something!… 

• Ir, Ru, Os -  
high temp spiral order 

• CoMnZn -  
room temperature skyrmions

µ
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