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Fermi Surface as the Driving Mechanism for Helical Antiferromagnetic Ordering
in Gd-Y Alloys
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The first direct experimental evidence to suggest the Fermi surface (FS) as being responsible
driving the helical antiferromagnetic ordering in a gadolinium-yttrium alloy is reported. The presence
of a FS sheet capable of nesting is revealed, and the nesting vector associated with the sheet is foun
be in excellent agreement with the periodicity of the helical ordering. [S0031-9007(99)09075-4]

PACS numbers: 71.18.+y, 71.20.Eh, 78.70.Bj
n

um
If

ro
tic

kes
llel
s in
st-

llel
ng.
e
In

-Y
-
FS

est-
h
m

ly
,

5–7]
net
the
p-
A considerable body of theoretical and indirect exper
mental evidence indicates that the geometry of the Fer
surface (FS) drives a variety of ordering phenomena; the
include exotic magnetic ordering in the rare earths and th
alloys [1], compositional ordering concentration densit
waves in binary alloys [2], and magneto-oscillatory cou
pling in magnetic multilayers separated by nonmagne
spacer layers [3]. Current theoretical understanding su
gests that the ordering is governed by the “nesting” of sp
cific sheets of FS in the disordered state. Nesting describ
the coincidence of two approximately parallel FS shee
when translated by some distance ink space (i.e., by the
“nesting vector,”Q). In the presence of nesting, the dis
ordered phase becomes unstable to an ordering modula
whose period is inversely proportional to the relevant nes
ing vector. However, in many cases the relevant featur
of the FS have never been directly observed.

Despite intense current interest in the concept of F
nesting as the driving force for modulating magneti
structures, there is a distinct dearth ofdirect experimental
information about FS topologies in the relevant materia
This scarcity has mainly been due to the lack of
suitable technique. With recent developments in positr
annihilation fermiology (see, e.g., [4]), such studies a
now possible.

A classic example of such a FS-driven ordering is th
helical antiferromagnetism in many of the heavier rar
earths (e.g., Tb, Dy, Ho, Er). Here, the magnetic momen
align in the basal planes with a rotation of the mome
vectors in successive planes with a periodicity that
predicted to arise from the FS topology of the disordere
paramagnetic phase. The localized4f moments couple
via the Ruderman-Kittel-Kasuya-Yosida indirect exchang
interaction involving the conduction electrons [1]. Th
connection between the conduction electrons’ ability
establish magnetic order and the FS of the disorder
paramagnetic state is most easily understood in terms
0031-9007y99y82(19)y3867(4)$15.00
i-
mi
se

eir
y
-

tic
g-
e-
es
ts

-
tion
t-
es

S
c

ls.
a

on
re

e
e
ts

nt
is
d

e
e
to
ed
of

the wave-vector (q) dependent susceptibility,

xsqd ~
X

k,j,j0

jMsk, k 1 qdj2fkjs1 2 fk1q1Gj0d
ej0sk 1 q 1 Gd 2 ejskd

. (1)

HereM are the matrix elements involving the conductio
andf electron wave functions,fkj are the Fermi-Dirac dis-
tribution functions for reduced wave vectork and bandj,
ejskd are the single particle energies, andG is a reciprocal
lattice vector. Subject to other constraints, the maxim
in xsqd determines the most stable magnetic structure.
the maximum inxsqd occurs atq  0, the material orders
ferromagnetically. If the maximum occurs at a nonze
q  Q, then a more complex arrangement of the magne
moments, such as helical antiferromagnetic order, ta
place. The latter may happen if there are large para
sections of FS to guarantee a sufficient number of term
the sum with vanishingly small denominators at the ne
ing vectorQ. A so-called “webbing” feature [5–7] in the
FS of most of the rare earths provides the required para
surfaces for nesting which drives the magnetic orderi
This webbing spans the AHL plane in the Brillouin zon
(BZ) (see Fig. 1a, indicated by double-headed arrows).
this Letter, we provide the first direct evidence that a Gd
alloy which orders antiferromagnetically, in a certain com
position and temperature range, does indeed contain a
sheet that has nesting properties. We compare the n
ing vector directly calipered from the FS topology wit
those inferred via neutron diffraction on specimens fro
the same batch.

The Gd FS has been shown by Westet al. not to possess
the webbing feature [8], explaining why Gd orders on
ferromagnetically below 293 K. The transition metal Y
on the other hand, possesses a strong webbing sheet [
but owing to the lack of magnetic moments is a paramag
at all temperatures. The addition of small amounts (of
order of 0.5 at. %) of Tb [9,10] or Er [11] leads to the a
pearance of long range magnetic structures withQ vectors
© 1999 The American Physical Society 3867



VOLUME 82, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 10 MAY 1999

ch
en-
al
er-
ws
ply

t of
eb-
. In
the
tic

is.
the
s-
ed
the
n-

ted
of

a-
n

e

c-
ser-

tum
i-

-

m a
r-
f-
ch

ack
d
ne

n-
FIG. 1. (a) Calculated FS of Y [5]. (b) Measured FS of Y
note the presence of the “webbing” feature. (c) FS of G
measured by Westet al. [8]; note that there is no webbing.
(d) Measured FS of Gd0.62Y0.38, showing a webbing feature.

close to the nesting vector in the webbing feature in Y. T
helical phase observed in a range of Gd-rich Gd-Y alloys
assumed to arise from a combination of magnetic mome
contributed by Gd and the Y-induced nesting character
the FS. Gd-Y provides an ideal alloy system to study t
generic magnetic behavior in the rare earths because
the availability of good quality single crystal samples o
sufficient size. Further, the concentration versus tempe
ture magnetic phase diagram in these alloys is well est
3868
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lished and is rich in interesting features, many of whi
are common to other rare earths [12,13]. In the conc
tration range of 30–40 at. % Y, the alloy shows a helic
phase where the helix periodicity, often quoted as the int
layer turn angle of the basal plane moment vector, sho
a reversible decrease with temperature. This may im
a temperature-dependent nesting vector (i.e.,T -dependent
changes in the webbing FS sheet), and this is the subjec
a future study; the aim here is to demonstrate that the w
bing is present in the disordered (paramagnetic) phase
the concentration-temperature regime which supports
antiferromagnetism, the application of a modest magne
field (a few times1022 tesla) along thec axis leads to a
ferromagnetic alignment of the moments along this ax
The specimen reverts to its antiferromagnetic state once
magnetic field is switched off. In addition to the sugge
tion that the Fermi surface of the magnetically disorder
paramagnetic phase drives the helical ordering, there is
issue of the effect of helical ordering on the electron e
ergy bands and therefore the impact on the FS itself.

The measurements of the FS topology were conduc
via the so-called 2-dimensional angular correlation
electron-positron annihilation radiation (2D-ACAR). A
2D-ACAR measurement yields a 2D projection (integr
tion over one dimension) of the underlying two-photo
momentum density,rspd. Within the independent particle
model,

rspd 
X
k,j

É Z
dr ck,jsrdc1srd exps2ip ? rd

É2


X

j,k,G
njskd jCG,jskdj2dsp 2 k 2 Gd , (2)

whereck,jsrd andc1srd are the electron and positron wav
functions, respectively, andnjskd is the electron occupa-
tion density ink space in thejth band. TheCG,jskd are
the Fourier coefficients of the electron-positron wave fun
tion product and the delta function expresses the con
vation of crystal momentum.rspd contains information
about the occupied electron states and their momen
p  h̄sk 1 Gd, and the FS is reflected in the discont
nuity in this occupancy at the Fermi momentumpF 
h̄skF 1 Gd. As already pointed out, the 2D-ACAR spec
tra represent projections ofrspd, and the full 3D density
can be reconstructed using tomographic techniques fro
small number of projections with integrations along diffe
ent crystallographic directions [14–16]. Finally, if the e
fects of the positron wave function [Eq. (2)] are small su
that theCG,jskd are almost independent ofk, the full 3Dk-
space occupation density can be obtained by folding b
the 3D rspd into the first BZ according to the so-calle
Lock-Crisp-West prescription [17]. By these means, o
is able to directly “image” the FS in its full 3D form.

The sample under investigation was a Gd0.62Y0.38 single
crystal which undergoes a helical antiferromagnetic tra
sition below,200 K [13]. As part of a comprehensive
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program, we have also studied the FS topology of the tw
pure elements Gd [8,18] and Y [7,18]. In each case, t
3D rspd and subsequently the 3Dk-space occupancy were
reconstructed from five projections measured at 7.5± inter-
vals encompassing the 30± between the directionsG-M and
G-K (in the irreducible wedge of the hexagonal BZ). Fo
lowing the usual processing of the measured 2D-ACA
spectra [4], they were deconvoluted using a “Maximum
Entropy”-based (MaxEnt) procedure [19] to suppress t
unwanted smearing due to experimental resolution. T
momentum distribution in the alloy was not noticeabl
more smeared than in pure Gd or Y, suggesting that re
lution dominated any smearing owing to the disorder in th
alloys. The 3Drspd was reconstructed from the measure
projections (both raw and deconvoluted, henceforth r
ferred to as “raw” and “MaxEnt”) using Cormack’s metho
[14–16] before finally being folded back into the firs
BZ. The reconstruction method exploits the crystallo
graphic symmetry which allows the reconstruction from
only a few projections and has been rigorously test
[16,18] to show that no artifacts are introduced into th
data. In addition, the procedure has also been shown
have beneficial effects with respect to positron-induc
perturbations [19,20]. A more detailed description of th
procedures used here can be found in [16] and further r
erences therein. Using a threshold criterion to differe
tiate between the empty and occupied states [7,21], it
possible to image the FS.

In Fig. 1, we show FS images of the following: (a) th
calculated FS for Y [5], where the webbing feature and t
associated nesting vector,Q0, are marked by the double
arrow; (b) the measured Fermi surface of Y [7] clear
showing the webbing feature; (c) the measured FS of G
[8,18] with the distinct lack of the webbing feature as ex
pected from its ferromagnetic ordering; and (d) the curre
measurement of the alloy Gd0.62Y0.38 (in the disordered
paramagnetic phase) where the webbing feature is clea
visible. The presented experimental FS images are
tracted from MaxEnt-deconvoluted data. It is noteworth
that in the paramagnetic phase of the Gd-rich alloy, t
webbing feature is remarkably similar to that observed
pure Y. The fact that the FS of pure Gd does not sho
the webbing feature while that of the alloy has a stron
nesting character, together with the fact that the featur
size is in agreement with the observed turn angles obtain
from neutron data (see below), is clearly indicative that
helical ordering is driven by the nesting of this sheet.

We now investigate the webbing in greater detail. Fi
ure 2 shows the section through the webbing in the all
sample (Fig. 1d) in the H-L-M-K plane (on the face of th
BZ in Fig. 1a). Here, lows (holes) are shown as black a
highs (electrons) as white, and the webbing is represen
by the central region of holes. If the raw and MaxEn
reconstructions are normalized to contain the same nu
ber of electrons within the BZ and the raw reconstructio
is subtracted from the MaxEnt reconstruction, the distrib
o
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FIG. 2. Electron density in H-L-M-K plane. Black signifies
holes, and white represents electrons.

tion shown in Fig. 3 results. This procedure amounts to a
edge enhancement that highlights the Fermi edges [18,1
It enhances the discontinuity at the FS because it is in t
vicinity of these discontinuities that the resolution function
has its greatest smearing effect. Thus, the difference sp
trum amplifies the signature of the Fermi edge.

Dugdaleet al. [19] proposed that the locus of points
where such a difference spectrum passes through zero
fines the Fermi surface, providing an accurate method f
calipering it. The zero crossing contour of Fig. 3 is show
in Fig. 4 which again clearly shows the yttriumlike web-
bing feature and its nesting properties. We estimate t
width of the webbing parallel to thec axis ass0.53 6

0.02d 3 s p

c d, a value remarkably close to the nesting

FIG. 3. Difference between MaxEnt [19] and raw electron
densities in H-L-M-K plane.
3869
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FIG. 4. The “zero contour” of Fig. 3. Dugdaleet al. [19]
showed that this indicates the Fermi surface.

feature in pure Y ofs0.55 6 0.02d 3 s p

c d [7]. This would
give rise to a period of helicity which corresponds to a
interplane turn angle of47.7± 6 1.6± between the orienta-
tions of the magnetic moments in successive basal plan
As mentioned earlier, Bateset al. [12] measured the turn
angle in the helical phase in a sample derived from th
same ingot via neutron diffraction by inspecting the dis
tance between the magnetic satellite Bragg peaks on eit
side of the nuclear peak along thec axis. These results
showed that the measured turn angles were stronglyT de-
pendent, increasing linearly with temperature. The tu
angles cannot be measured in the paramagnetic ph
through neutron diffraction owing to the absence of th
magnetic ordering and therefore the lack of the satelli
peaks. However, a linear interpolation of theT depen-
dence of the turn angle returns a value of 48± at 295 K
(the temperature of our measurement) which is in excelle
agreement with the value obtained in our experiment.

Finally, it is worth mentioning our recent prelimi-
nary results from the same alloy sample measured
T  140 K, well within the thermodynamic helical phase
In our experimental setup, we use a magnetic field
,0.8 T to focus the positrons onto the specimen. Th
field is applied parallel to thec direction of the sample.
It was not possible to carry out the measurements witho
the magnetic field owing to the small dimensions o
the sample, as a substantial fraction of the defocus
positrons annihilated in the sample holder. The applie
field would force the magnetic moments to align along th
easy axis giving rise to ac-axis ferromagnetic state. Our
preliminary analysis of the FS of the alloy sample in thi
ferromagnetic state reconstructed from three projectio
again shows (figure not shown owing to lack of space
distinct indication of the webbing feature being present.

If the periodic antiferromagnetic ordering introduced su
perzone boundaries in the lattice, these may have distor
3870
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the FS feature in the webbing sheet. However, in our lo
temperature data, such degeneracy would have been li
by the forced ferromagnetic ordering. If this is the ca
and the relevant energy bands are not significantly affect
then one would expect the webbing feature in the FS to
retained. Although theoretical calculations are necess
to confirm this, it is a reasonable assumption.

In conclusion, by directly measuring the FS topolog
in a Gd-rich Gd-Y alloy, we have shown for the firs
time that the predicted nested FS responsible for drivi
the helical antiferromagnetic ordering does indeed exist
this alloy, but does not appear in pure Gd. Quantitati
evaluation of the nesting vector from the measured FS a
its excellent agreement with the period of helicity obtaine
from neutron experiments confirm that the helical orderi
originates from this particular sheet of FS, as theoretica
predicted.
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