Dissipationless Anomalous Hall
Current in the Ferromagnetic
Spinel CuCr,Se,_,Br,
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In a ferromagnet, an applied electric field E invariably produces an anomalous
Hall current J,, that flows perpendicular to the plane defined by E and M (the
magnetization). For decades, the question of whether ], is dissipationless
(independent of the scattering rate) has been debated without experimental
resolution. In the ferromagnetic spinel CuCr,Se,_ Br,, the resistivity p (at low
temperature) may be increased by several decades by varying x (Br) without
degrading M. We show that J,/E (normalized per carrier, at 5 kelvin) remains
unchanged throughout. In addition to confirming the dissipationless nature of
), our finding has implications for the generation and study of spin-Hall

currents in bulk samples.

A major unsettled question in the study of
electron transport in a ferromagnet is whether
the anomalous Hall current is dissipationless.
In nonmagnetic metals, the familiar Hall cur-
rent arises when electrons moving in crossed
electric (E) and magnetic (H) fields are de-
flected by the Lorentz force. However, in a
ferromagnet subject to E alone, a large, spon-
taneous (anomalous) Hall current J; appears
transverse to E (in practice, a weak H serves
to align the magnetic domains) (/, 2). Ques-
tions regarding the origin of J,;, and wheth-
er it is dissipationless, have been keenly
debated for decades. They have emerged
anew because of fresh theoretical insights
and strong interest in spin currents for spin-
based electronics. We report measurements
in the ferromagnet CuCr,Se, Br . Despite
a 70-fold increase in the scattering rate
from impurities, we found that J (per
carrier) remains constant, implying that it is
indeed dissipationless.

Karplus and Luttinger (3, 4) proposed a
purely quantum-mechanical origin for J;;. An
electron in the conduction band of a crystal
lattice spends part of its time in nearby bands
because of admixing caused by the (intracell)
position operator X. In the process, it ac-
quires a spin-dependent “anomalous veloci-
ty” (5). Karplus and Luttinger predicted that
the Hall current is dissipationless: J,; remains
constant even as the longitudinal current
(J|IE) is degraded by scattering from added
impurities. A conventional mechanism was
later proposed (6) whereby the anomalous
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Hall effect (AHE) is caused instead by asym-
metric scattering of electrons by impurities
(skew scattering). Several authors (7-9) in-
vestigated the theoretical ramifications of
these competing models. The role of impuri-
ties in the anomalous-velocity theory was
clarified by Berger’s side-jump model (7). A
careful accounting of various contributions
(including side-jump) to the AHE in a semi-
conductor has been given by Noziéres and
Lewiner, who derived X = Ak X S, where \
is the enhanced spin-orbit parameter, k is the
carrier wave vector, and S is its spin (9). In

the zero-frequency limit, Noziéres and
Lewiner obtained the AHE current
Ju=2ne’\E X S (1)

where 7 is the carrier density and e is the
charge. As noted, J,; is linear in S but is
independent of the electron lifetime 7.

In modern terms, the anomalous-velocity
term of Karplus and Luttinger is related to the
Berry phase (/0) and has been applied (//) to
explain the AHE in Mn-doped GaAs (12).
The close connection of the AHE to the Berry
phase has also been explored in novel ferro-
magnets in which frustration leads to spin
chirality (/3—15). In the field of spintronics,
several schemes have been proposed to pro-
duce a fully polarized spin current in thin-
film structures (/6) and in bulk p-doped
GaAs (17). The AHE is intimately related to
these schemes, and our experimental results
are relevant to the spin current problem.

In an AHE experiment (/), the observed
Hall resistivity p,, comprises two terms,

Py = RoB + p,, (2)

where B is the induction field, R, is the
ordinary Hall coefficient, and p_, is the
anomalous Hall resistivity. A direct test of
the dissipationless nature of J,; is to check
whether the anomalous Hall conductivity o,
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(defined as p,,/p?) changes as impurities are
added to increase 1/7 (and p) (3, 7). A dissi-
pationless AHE current implies that p;y ~ p%,
with a = 2. By contrast, in the skew scatter-
ing model, « = 1.

Tests based on measurements at high
temperatures 7 (77 to 300 K) yield expo-
nents in the range o, = 1.4 to 2.0 (I8,
19). However, it has been argued (20) that
at high 7, both models in fact predict « =
2, a view supported by detailed calculations
(21). To be meaningful, the test must be
performed in the impurity-scattering re-
gime over a wide range of p. Unfortunately,
in most ferromagnets, p_, becomes too
small to measure accurately at low 7. Re-
sults on « in the impurity-scattering regime
are very limited.

The copper-chromium selenide spinel
CuCr,Se,, a metallic ferromagnet with a Cu-
rie temperature 7. ~ 430 K, is particularly
well suited for testing the AHE. Substituting
Se with Br in CuCr,Se, Br_decreases the
hole density n, (22). However, because the
coupling between local moments on Cr is
primarily from 90° superexchange along the
Cr-Se-Cr bonds (23), this does not destroy
the magnetization. We have grown crystals of
CuCr,Se, Br_by chemical vapor transport
(24). When x is increased from 0 to 1 in our
crystals, n, decreases by a factor of ~30
while 7. decreases from 430 K to 230 K (Fig.
1A). The saturated magnetization M_ at 5 K
corresponds to a Cr moment that actually
increases from 2.6 to 3 ., (Bohr magneton)
(Fig. 1B).

As shown in Fig. 1C, all samples except
the ones with x = 1.0 lie outside the local-
ization regime. In the “metallic” regime,
the low-T resistivity increases by a factor of
~270 as x increases from 0 to 0.85; this
increase is predominantly due to a decrease
in 7 by a factor of 70. The hole density n,
decreases by only a factor of 4. In the
localization regime (x = 1.0), strong disor-
der causes p to rise gradually with decreas-
ing 7. We emphasize, however, that these
samples are not semiconductors (p is not
thermally activated, and n, = 1.9 X 10?°
cm~> is degenerate).

The field dependence of the total Hall
resistivity (Eq. 2) is shown in Fig. 2 for x =
0.25 and x = 1.0 [see (24) for measurement
details]. The steep increase in |pxy| in weak H
reflects the rotation of domains into align-
ment with H. Above the saturation field A,
when p)'cy is constant, the small ordinary Hall
term R B is visible as a linear background
(24). As in standard practice, we used R,
measured above T to find the n, plotted
in Fig. 1A.

By convention, the 7' dependence of the AHE
signal is represented by the anomalous Hall co-
efficient R(T) defined by p)'cy = R M (where
M, is the vacuum permeability). By scaling the
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p.-H curve against the M-H curve measured at
each T, we have determined (24) R, versus T in
each of the samples studied (Fig. 3). The intro-
duction of Br causes the R_ versus T profiles to
change markedly. In the undoped sample (x =
0), R, is positive and monotonically decreasing
below 360 K, as is typical in high-purity ferro-
magnets (Fig. 3B). Weak doping (x = 0.1) pro-
duces a negative shift in R_and a finite negative
value at low 7. Increasing the doping to x = 0.25
leads to an R profile that is large, negative, and
nearly independent of T below 50 K (Fig. 3B).
At mid-range doping and higher (x = 0.5), the
magnitude of R, increases steeply, but now in the
positive direction. At maximum doping (x = 1),
the value of R, at 5 K is very large, correspond-
ing to p_, ~ 700 pQ-cm (Fig. 2B).

Our focus is on the low-T7 values of p;y
where impurity scattering dominates. At 5 K,
p);y is too small to be resolved in the sample
with x = 0. As x increases to 1, the absolute
magnitude [p | at 5 K increases by more than
three orders of magnitude (hereafter, p_, re-
fers to the saturated value measured at 2 T or
higher). It is noteworthy that p)'(y is negative at
low doping (0 < x < 0.4) but becomes
positive for x > 0.5. Initially, the sign change
seemed to suggest to us that there might
exist two distinct mechanisms for the AHE
in this system. As more samples were stud-
ied, however, it became apparent that irre-
spective of the sign, the magnitude |p;y|
versus p falls on the same curve over sev-
eral decades (Fig. 4), providing strong ev-
idence that the same AHE mechanism oc-
curs in both sign regimes. We focus first on
the magnitude |p, | versus p, and discuss
the change in sign later.

It is worth emphasizing that O';y is propor-
tional to the carrier density #, (see Eq. 1). For
our goal of determining whether the AHE
current is dissipationless, it is clearly neces-
sary to factor out n, before comparing p’,
against p. Hence, we divide |p_ | by n,. We
refer to o /n,, as the normalized AHE con-
ductivity (24).

Figure 4 shows |p’, |/n, versus p in log-log
scale for all samples investigated [except x =
0 (24)]. Over several decades, the data fit
well to |P;y|/”h = 4p™ with a = 1.95 £ 0.08
(because M is nearly insensitive to x, Fig. 4
also gives R/m, ~ p?). This immediately
implies that the normalized AHE conductiv-
ity o, /n, at 5 K is dissipationless. Increasing
p by a factor of ~100 leaves the AHE current
per carrier unchanged to our measurement
accuracy [see (24) for a discussion of our
resolution]. As noted, the two samples with
x = 1 are in the localization regime. The fact
that their points also fall on the line implies
that the dissipationless nature of the normal-
ized AHE current extends beyond the Bloch-
state regime (where most AHE theories ap-
ply) into the weak localization regime, where
much less has been done. This supports re-
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Fig. 1. (A) Hole density n, (solid circles) in S0 50 100 1_1(52) 200 250 300

CuCr,Se,_,Br, versus x determined from R, at 400 K

(one hole per formula unit corresponds to n, = 7.2 X

10%" cm™3). The Curie temperature T is shown as open circles. (B) Curves of the magnetization M
versus H at 5 K in three samples (x values indicated). The saturation value M, = 3.52 X 10°
A/m forx = 0, 3.72 X 10> A/m for x = 0.5, and 3.95 X 10° A/m for x = 1.0. (C) Resistivity p versus
T in 10 samples with Br content x indicated (a and b indicate different samples with the same x).
Values of n, in all samples fall in the metallic regime (for x = 1, n, = 1.9 X 10%° cm~3).
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Fig. 2. Curves of the observed Hall resistivity
P, = RyB + R M versus H (at temperatures
indicated) in CuCr,Se,_ Br, with x = 0.25 (A) and
x = 1.0 (B). In (A), the anomalous Hall coefficient
R, changes sign below 250 K, becomes negative,
and saturates to a constant value below 50 K.
However, in (B), R, is always positive. At low T, it
rises to very large values (note difference
in scale).

cent theories (10, 11, 17) that the anomalous-
velocity origin is topological in nature and is
equally valid in the Bloch and localization
regimes.

The sign change at x ~ 0.4 is reminiscent
of sign changes observed in ferromagnetic
alloys (versus composition). The common
feature is that doping drives the Fermi energy
€. across the overlap between two narrow
bands derived from distinct transition-metal
elements. In the alloy Ni, Fe, the band
derived from Fe 3d states lies just above the
3d band of Ni. As g, crosses the overlap, p,,,
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Fig. 3. (A) Values of R_ extracted from the
curves of p and M versus H measured
at each T in CuCr,Se,  Br,, with values of x
indicated (a and b refer to different crystals
with the same x). (B) The corresponding
curves for x = 0, 0.1, 0.25, and 0.5 (two
crystals a and b). The values of R_at 5 K are
negative at small x (< 0.4), but as x increases,
R, rapidly rises to large positive values.

changes from negative to positive. Similar
sign changes are observed in Au-Fe and Au-
Ni alloys. It has been pointed out (2) that the
effective spin-orbit parameter N\ in Eq. 1
changes sign whenever €. moves between
overlapping narrow bands. A similar effect is
implied in Noziéres and Lewiner’s calcula-
tion (9). Band-structure calculations (25) on
CuCr,Se, reveal that €. lies in a hole-like
band of mostly Cu 3d character strongly ad-
mixed with Cr 3d states lying just above. We
infer that as € rises with increasing Br con-
tent, the conduction states acquire more Cr 3d
character at the expense of Cu 3d, triggering
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Fig. 4. The normalized quantity [p, |/n,, versus p
(at 5 K) in a log-log plot (p;(y is measured at 2
T and 5 K). The 12 samples (with doping x
indicated) include ones with negative p, (open
circles) and positive p,, (solid circles). The un-
doped sample (x = 0) is not shown because p,
at 5 K is unresolved in our experiment (24). The
least-squares fit gives |p, |/n, = Ap® with a =
1.95 + 0.08 and A = 2.24 X 10725 (I units).

a sign change in \. The sign change (negative
to positive with increasing x) is consistent
with that observed in Ni, Fe . A change in
sign of the AHE conductivity at band cross-
ings is also described in recent theories (10).

We now discuss the relevance of our find-
ings to spin current production. To produce
fully polarized spin currents, it is ideal to use
“half metals” (ferromagnets in which all con-
duction electrons are, say, spin-up). Howev-
er, only a few examples are known (26).
Alternate schemes based on elemental ferro-
magnets have been proposed (/6). As is ev-
ident from Eq. 1, anomalous-velocity theories
predict that J,; depends on the carrier spin S.
If a beam of electrons with spin populations
n, and n  enters a region of fixed M, the
spin-up and spin-down electrons are deflect-
ed in opposite directions transverse to E, just
as in the classic Stern-Gerlach experiment.
This results in a Hall charge current propor-
tional to the difference between the spin pop-
ulations, namely J;; ~ (7, — n)). More im-
portant, this also produces a fully polarized
spin-Hall current J_ proportional to the sum
(n; + n)). Hence, in a ferromagnet that is not
a half metal, the spin-Hall current is fully
polarized according to these theories. By con-
trast, in skew-scattering theories, J;; depends
on the direction of the local moment m; on
the impurity but not the spin of the incident
electron; that is, both J;; and J_ ~ (”T —n).

In confirming that the normalized AHE
current is dissipationless over a multidecade
change in p, we verify a specific prediction of

www.sciencemag.org SCIENCE VOL 303

the anomalous-velocity theories and resolve a
key controversy in ferromagnets. The impli-
cation is that fully polarized spin-Hall cur-
rents are readily generated in ferromagnets
(at low T) by simply applying E. Although
this realization does not solve the conductiv-
ity-mismatch problem at interfaces (27), it
may greatly expand the scope of experiments
on the properties of spin currents.
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Glass Formation at the Limit of
Insufficient Network Formers

S. Kohara,? K. Suzuya,? K. Takeuchi,® C.-K. Loong,**
M. Grimsditch,* J. K. R. Weber,® J. A. Tangeman,® T. S. Key®

Inorganic glasses normally exhibit a network of interconnected, covalent-
bonded, structural elements that has no long-range order. In silicate glasses, the
network formers are based on SiO, tetrahedra interconnected through oxygen
atoms at the corners. Conventional wisdom implies that alkaline and alkaline-
earth orthosilicate materials cannot be vitrified, because they do not contain
sufficient network-forming SiO, to establish the needed interconnectivity. We
studied a bulk magnesium orthosilicate glass obtained by containerless melting
and cooling. We found that the role of network former was largely taken on
by corner and edge sharing of highly distorted, ionic Mg-O species that adopt
4-, 5-, and 6-coordination with oxygen. The results suggest that similar glassy
phases may be found in the containerless environment of interstellar space.

Conventional silicate glasses contain suffi-
cient SiO, so that the average number of
corner-sharing oxygen atoms per SiO,, tetra-
hedron is greater than two, resulting in a
three-dimensional (3D) glass-forming net-
work. Other constituent oxide components
behave effectively as network modifiers. In
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so-called invert glasses, where the relative
amount of Si0O, is reduced to an extent that,
on average, only isolated SiO, and Si,O,
dimers exist, the short-range order structure
and the relaxation phenomena undergo dras-
tic changes (/). Previously studied invert
glasses had rather complex compositions,
which prohibited a detailed understanding of
the short-range structure (/). It is therefore
important to investigate vitreous forsterite (v-
Mg,SiO,), which is a simple but unusual
invert glass and a model system for nonequi-
librium, low-silica-content binary melts.
Experimental studies of v-Mg,SiO, are
difficult because of its high melting point
(~2150 K) and our inability to form a bulk
glass using conventional melt and quench
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