PHYSICAL REVIEW LETTERS 132, 206701 (2024)

Anisotropic Galvanomagnetic Effects in Single Cubic Crystals:
A Theory and Its Verification

Yu Miao ,1’* Junwen Sun,2’3’* Cunxu Gao ,l Desheng Xue ,I’T and X.R. Wang

2,4.%

1Key Laboratory for Magnetism and Magnetic Materials of the Ministry of Education,
Lanzhou University, Lanzhou 730000, China
*Department of Physics, The Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, China
3Department of Physics, Nanjing Normal University, Nanjing, China
*HKUST Shenzhen Research Institute, Shenzhen 518057, China

® (Received 15 November 2023; revised 22 January 2024; accepted 12 April 2024; published 15 May 2024)

A theory of anisotropic galvanomagnetic effects in single cubic crystals and its experimental
verifications are presented for the current in the (001) plane. In contrast to the general belief that
galvanomagnetic effects in single crystals are highly sensitive to many internal and external effects and
have no universal features, the theory predicts universal angular dependencies of longitudinal and
transverse resistivity and various characteristics when magnetization rotates in the (001) plane, the plane
perpendicular to the current, and the plane containing the current and [001] direction. The universal angular
dependencies are verified by experiments on Fe;,Co~, single cubic crystal film. The findings provide new
avenues for fundamental research and applications of galvanomagnetic effects, because single crystals offer
advantages over polycrystalline materials for band structure and crystallographic orientation engineering.
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Anisotropic magnetoresistance (AMR) is a well-known
phenomenon that was first discovered in 1856 by Kelvin
[I]. AMR refers to dependences of the longitudinal
resistivity on magnetization direction while the depend-
ences of the transverse resistivity on the magnetization
direction are referred to as the anomalous Hall effect (AHE)
and planar Hall effect (PHE) in the Hall geometry. AHE
and PHE are, respectively, referred to as dependences on
the perpendicular and in-plane (to the Hall plane) compo-
nents of the magnetization. AMR, AHE, and PHE have
been extensively studied in magnetic polycrystalline mate-
rials [2-5] and single crystals [6-10] and their complete
understanding is a problem that has persisted for more than
150 years in the field of magnetism.

The universal angular dependencies of longitudinal
and transverse resistivity in magnetic polycrystalline mate-
rials are well known [11-14], which says p,.(a) = py +
Agcos?a and p,, (&) = (Ag/2) sin 2a, where a is the angle
between the magnetization and current [15-19]. For gal-
vanomagnetic effects in single crystals, there are also many
studies [20-28] that show complicated behaviors [7,8].
However, despite the known roles of spin-orbit interaction,
spin-dependent scatterings, and electron interactions with
crystallographic directions in galvanomagnetic effects
[11,12], no universal angular dependencies of longitudinal
and transverse resistivity in magnetic single crystals have
been found to date.

The study of galvanomagnetic effects in single crystals is
important for several reasons. First, it should deepen our
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understanding of the fundamental physics of magnetoresist-
ance, including the role of crystal symmetry and electronic
structure. In single crystals, galvanomagnetic effects are
directional [29], because electronic structures are different
along different crystallographic directions, leading to differ-
ent electron scattering and different group velocities.
Second, it enables the development of new materials with
tailored magnetic and electronic properties, which can be
useful for applications in spintronics such as magnetic
recording and sensing [11,12]. The in-plane AMR in single
crystals has demonstrated higher-order symmetry [7]
and phase shift [30] beyond polycrystalline materials, which
may serve as an opportunity for discovering new effects.
In this Letter, the theory based on vector order param-
eters for galvanomagnetic effects in single cubic crystals is
presented. Through the transport measurements on
Fe;,Co-q single cubic crystal film when the current is in
the (001) plane with the magnetization rotated in the (001)
plane, the plane perpendicular to the current, and the plane
containing the current and the [001] direction, the universal
angular dependencies of longitudinal and transverse resis-
tivity are verified. We find that only 8 parameters are
needed to describe all longitudinal and transverse resistivity
curves below the 4th order. We also predict several
characteristics of galvanomagnetic effects, such as that
the transverse resistivity with current along the [100] and
[110] directions is identical when the magnetization is
rotating in the above three planes. Our results provide new
insights of galvanomagnetic effects in single crystals.

© 2024 American Physical Society
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In ferromagnetic single crystals, the scattering of elec-
trons is related to crystallographic directions, which can be
characterized by three crystalline axes 7, 7,, 13, and the
magnetization M whose magnitude is a constant and
direction is along m. In the linear response region, the

electric field E in response to an applied current density Jin
a crystal must be

E:p(m’ﬁl7ﬂ27ﬁ3)‘]’ (1)

where g(ﬁ%,fi],ﬁz,%) is a Cartesian tensor of rank 2.
Although the tensor values depend on microscopic proper-
ties of the crystal and parameters that defines its thermo-

dynamic state, tensor p can be constructed only by 7, 7,
7y, and 7i5. There are ten possible Cartesian tensors: 77 i,
ﬁlﬁl’ 771)2712, 713173, Yﬁﬁl, 77’”712, I’T’lﬁ3, ﬁlﬁz, ﬁ1ﬁ3, and 771)2713.
Each of them, however, is reducible [31], and can be
decomposed into the direct sum of a scalar, a vector, and a
traceless symmetric tensor. Then it is possible to construct
seven vectors and ten traceless symmetric tensors of
ranks 2: m, n;, 0, n3, mxn, mm—1/3,
mii; + ngm —2m - 1;/3, and nni; 4, —2n;-n0;/3 (3,
j=1, 2, 3). Thus, f(_; should be the linear combination
of 17 direction-dependent terms together with a scalar term.

The electric field E induced by J, after grouping similar
terms, must take the following most generic form

3 3
B pud + (Boi+ 3B, + 3 By x ) xJ
i=1 i=1
3 - -
+ Y A )i + (T - 7)) +
i=1 i
+A7[(7 S 1y )iy + (7 1y )it | +1‘\8[(7 S Tp)1;
+ (J - Ti3)iiy ]+ Ag[(J - 1iy)iis + (J - i3y
+ Ag(J - m)m, (2)

Aia (-1,

e

1

where py, Ay (k=0,...,9), and B, (I=0,...,6) are
parameters that are determined by the extrinsic and intrinsic
properties of a sample such as the temperature, disorders,
and band structures. Of course, these parameters can, in
principle, depend on the scalars constructed from 7 and 7;.
Among them, only 7 - 7i; = m; (i = 1, 2, 3) can introduce
the anisotropic effect. For crystals with reciprocity, E
should be the same under 7; — —#; transformations.
Thus, py, Ag, As, As, Ag, and B, must be even functions
of m; i=1, 2, 3). A;, B;, and B;,;3 must be odd in m;
and eveninm;y; (i = 1,2, 3) while A; is odd in m; and m,,

. 2p. 2
and even in mj. For example, pg = 3, Popgrm” my m3”

and A, =3, Ayt myim3.
cients py,,, and A,,,, measure the 2(p + ¢ + r)-th order
and 2(p + g+ r) + 1-th order interactions of electrons
with magnetization and crystal order parameters, respec-
tively, because the A; term contains already one /. Similar
expansions can be done for other A’s and B’s, see
Supplemental Material [32]. Because magnetic interactions
are usually weak, we shall keep our analysis below the 4th
order of electron-magnetization interactions.

Equation (2) is the most general electric field response
of a crystal to an external current. Among all possible
physical quantities, AMR and PHE of a given crystal can be
obtained directly from it. In the absence of #; such as
polycrystalline or amorphous magnets, Eq. (2) reduces to
the well-known generalized Ohm’s law of polycrystalline
materials [17,18] with only p,, By, and A, terms.
The B, term is the usual anomalous Hall effect, and the
Ap term is the AMR and PHE for ferromagnetic poly-
crystalline. If current 7 is defined as the x axis and the Hall
bar is in the xy plane throughout this Letter, the longitudinal
and transverse resistivity are p,, = po + Agcos’a and
Pry = Bom, + (Ay/2) sin 2a, where a is the angle between

Expansion coeffi-

i and J. Obviously, p, is the longitudinal resistivity when
7 is perpendicular to m and B is the anomalous Hall
coefficient. A is the amplitude of the conventional AMR
and PHE that is typically a few percent of p,. Interestingly,
the tensor analysis leads to the famous Einstein gravitation
field theory [33]. The analysis has also been successfully
used to predict anomalous spin Hall effects [34-36] and
unusual AMR in bilayers [37].

In order to see the implications of Eq. (2), we apply it to
cubic crystals. In this Letter, a widely used configuration in
experiments is considered, where the (001) plane lies
on the xy plane, the z axis is along the [001] direction,
and 7, 7i,, and 713 are equivalent and mutually orthogonal
with each other corresponding to the [100], [010],
and [001] directions. According to Eq. (2), the longi-
tudinal and transverse resistivity are pf, = E - x/J =
pPo + Aom_% + Y QAmn, 4 Ajsni) + Agngng,
andpgy =L 5)/'] = Bomz + B3 + B4(mxnly - mynlx) +
BS (mxn2y _myn2x> +A0mxmy +Z%=1 {Ai(mxniy +mynix)+
Ajsngny] + Ag(nyn,, 4 nyyn,,), where 0 is the angle
between the [100] direction and the x axis.

Following the convention in literature, we define «
as the angle between 7 and J when i rotates in the xy
plane, § and y as the angles between 7 and the z axis when
m rotates in the yz and zx planes, respectively, as illustrated
in Fig. 1(a). After some tedious algebra, as shown in the
Supplemental Material [32], the angular dependencies of
pY, and p?,, with terms not higher than m?, are
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FIG. 1. The longitudinal and transverse resistivity of Fe;;Cos, single cubic crystal film under 6 T field. (a) The schematics of the
experimental setup. Current 7 is along the x axis in the (001) plane. € is the angle between J and 7y, and z axis is along the [001]
direction. ay is the angle between the magnetic field H and the x axis when H is in the (001) plane. fy and yp are the angles between H
and the z axis when H is in the yz and zx planes, respectively. (b) P2 (ay) (open circles) and p?,(ay) (solid circles) for
0 = 0°,+£15° 430°, and +45°. The dotted (solid) lines are the fitting curves by Eq. (3) with @ = ay. (c) p%.(By) (open circles) and
Pl (yy) (solid circles) for @ = 0°,15°,30°, and 45°. The dotted (solid) lines are the fitting curves by Eq. (3) with B(y) = By (yy) + 8.5 is
the angle of magnetization deviated from magnetic field. (d) pfy (Py) (black and blue circles) and pﬁy(yH) (green and red circles) for
0 = 0° and 45°. The solid lines are the fitting curves by Egs. (4) and (5) with S(y) = fy(yy) + 8. To display experimental data clearly,

only one data point is shown for every four data points collected. () p% () (open black circles) and p%(90° — ) (open red circles): They
are overlapped with each other and agree with Eq. (4) (solid line).

pl(a@) = picos2a+ p,ycos(2a+46) + pscos(4a+40), For J along [100] (6 =0°) and [110] (0 = 45° and
P2 (B) = (uy — py cos40) cos23+ (p4 + pscos4d) cos4p, equivalent to & = —45° or [1 10]), we have
Pe(r) = (Ha + u3 c0s40) cos 2y + (py -+ ps cos46) cosdy, pY(a) = (py + pa) cos2a + ps cos 4a,
Pl (a) =pysin2a—p,sin(2a+40) — pg sin(4a+46), P%(B) = (ps + ps) cos 4p,
Py (B) = p7cos fp+sind0(ugcos 2 + py cos4f3) + pgcos 34, pY(y) = —(py + py) cos 2y + p; cosdy,
ply(r) = prcosy +sin46(ug cos 2y + pg cosdy) + pg cos 3y, 9 (@) = (p1 — pa) sin 2a — pg sin 4a,
(3)  p%(B) = pycos B+ pg cos 3B,

p(r) = prcosy + pgcos 3y, (4)

where p;, (i=1,2,...,8) are the only independent and

constants that depend on material parameters. u;
(i=1,2,...,9) are linear combinations of p;, (i=1,
.,8) and are 3#1 /:4—(P2 =p3)/2, m=m—pi.  pR (@) = (py = p2) cos 2a — p; cos 4a,

Mz =y — P35 M4 = 3p3/4+Ps5, s = P3— Hg,  Jo = 45° _

—(p2—ps)/2, H1 = p3/8 = ps + ps/8, Mg = e + P (P) = (p3 = p2) cos 25 + (p14 = ps) cosdp.

P2y P9 = —pe/4 — 7. We have also removed the angular 4500 N

independent background resistance such that averaged Pic (1) = (p3 = pr) cos 2y + <2 Pt 2p5) cos 47
p?.(a) with respect to a is zero. It should be emphasized
that the angular dependences of galvanomagnetic effects .
are fully determined by these 8 coefficients. p; describes Pi; (B) = pycos p+ pg cos 3p,
the usual twofold AMR and PHE while p; is the ()
usual AHE. '

P (@) = (py + po) sin 2a + pg sinda,
= pycosy + pgcos 3y. (5)
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Interestingly, there are several characteristics according
to Egs. (4) and (5). (i) The amplitude of the twofold in
P (@) is equal to that in pgo(oo) (@), and the amplitude of
the fourfold in p?;(xv)(a) and pifczxy)(a) are always the
same. In fact, this fourfold amplitude of p; does not depend
on 6, and this is exactly what was observed in L1, FePt
films [38]. (ii) p% () have no twofold symmetry but strictly
fourfold symmetry. (iii) The results of p% (8), p% (7).

pE°(B), and p¥(y) which only have a onefold and

threefold term are identical, and p%(90° —y) is identical
to p% (a). Furthermore, the sum of amplitudes of the

0°(45°)
X.

twofold terms in py, ~ ’(a) and pg;(“o)(y) equals to that

in p2;<45°> (). Other relationships among the angular
dependencies of longitudinal and transverse resistivity also
exist and can be used to test the theory. By inspection, early
experiments of AMR and PHE in Refs. [23] and [7] for (Ga,
Mn)As and Co,Fe,_, single cubic crystal films along these
two special angles agree with our theory. Moreover, the
tensor analysis includes all possible microscopic mecha-
nisms such as spin Hall magnetoresistance [39], Rashba-
Edelstein magnetoresistance [40], and anomalous Hall
magnetoresistance [41].

To verify the theory presented above, we measured
angular dependences of pf, and pf, of FesCoy single
crystal film. A 19-nm-thick Fe;3Coy, single crystal film
was grown on MgO(001) substrate at room temperature by
molecular beam epitaxy. The single crystal sample is
patterned into Hall bars along different crystallographic
direction using photolithography and ion beam etching as
schematically shown in Fig. 1(a). In one batch, we
fabricated Hall bars along 0 = 0°, £15°, £30°, and +45°
with size of 1000 pm x 50 pm. Both the longitudinal and
transverse resistivity p%, and pY, are measured using the
four-probe method. All measurements were performed at
room temperature. The results for current in the (001) plane
of our Fes,Coy, film are plotted in Figs. 1(b)-1(d). The
symbols are experimental data (after subtracting the back-
ground resistances, and pgy divided by a coefficient of 1.19
due to the effect of the finite electrode size for the Hall
measurement [7,30]). The average sheet resistivity of our
films along 6 =30° is 8.82 pQcm, and a variation of
8.82 £ 0.47 pQcm along different crystallographic direc-
tions exists. In order to compare the experimental results
with the theoretical prediction, a, f#, and y of magnetization
should be derived from the corresponding angles ay, fy,
and yy of magnetic field which can be determined
experimentally. A 6 T magnetic field is applied to ensure
the magnetization close to the direction of field. Then a ~
ay because of the magnitude of in-plane magnetocrystal-
line anisotropy field is 2 orders of magnitude smaller than
the applied field strength.  ~ f; + 6 and y ~ yy + 0 since
the out-of-plane shape anisotropy field is about 2 T which is
not much smaller than 6 T. The angle ¢ of magnetization

TABLE I. The fitting parameters in Eq. (3) for Figs. 1(b)-1(d).
x1072 Pi P2 P3 P4
pQem 4.185 7.337 —0.446 —0.653
Ps Po P17 P8
pQem —0.145 —0.104 3.452 —0.650

deviated from the magnetic field can be expressed
as [42,43]

sin 23y
(H/Hg —cos2fy)’

5 =5 (©)

where H is the magnitude of magnetic field, and Hy is the
anisotropy field. Equation (6) is also applicable to yy. The
dashed and solid lines in Figs. 1(b)-1(d) are fitting curves
by Eq. (3) with 8 fitting constants given in Table I after
converting «a, f, and y to ay, fy, and yy.

The characteristics of single cubic crystals from the
theory can be verified experimentally. Figure 1(b) shows
Pxx and p,, in the xy plane. The amplitude of p,, gradually
decreases while that of p,, increases with current applied
from 6 = 0° to 6 = 45°. The amplitudes of pif,o(oo) () and
p2}(45°>(a) are the same as predicted. Figure 1(c) shows p,,
in the yz and the zx plane. A fourfold term appears in p%, ()
as predicted by the theory. Figure 1(d) shows p,, in the yz
and the zx plane. All four pf,(f) and pf,(y) for & = 0° and
45° are coincident. Figure 1(e) shows p,, in terms of a and
(90° — y) using the angle conversions mentioned above.
pY(90° —y) and p¥\(a) are the same as predicted by our
theory. Our experimental measurements support unambig-
uously all characteristics summarized early.

To have a better picture of how p,, and p,, vary with the
current direction (@) and the direction of 1, we convert ay,
Pu. and yy to a, B, and y, and plot p?, and p?, as functions
of & and a, or f, or y in Fig. 2. The three-dimensional
surfaces are the theoretical formula of Eq. (3) with
parameters given in Table I. The beautiful agreements of
experiments and theory in the 3D plots are a strong
testimony of correctness of the theory, meaning clearly
that only 8 independent parameters can indeed describe all
longitudinal and transverse resistivity curves.

To test how good our field and magnetization direction
correction is, we also measure AMR at different fields with
current applied along the [100] crystallographic direction.
Figure 3 is pU () (a) and p%.(yy) (b) for field at 3 T (red
squares), 6 T (green circles), and 9 T (blue triangles).
Although the AMR curves are significantly different with
increasing fields, especially around fy(yy) = 22.5°, the
results can also be well fitted by Eqgs. (4) with the same
parameters in Table I, revealing the field independence of
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FIG. 2. Three-dimensional plots of p,, and p,, as functions of
current and magnetization directions when the current is in the
(001) plane. Symbols are experimental data of p,, [(a), (c), (d)]
and p,, (b) in terms of 0 and « [(a) and (b)], 6 and S (c), and 0
and y (d). The space curved surfaces are Eq. (3) with p;
(i=1,2,...,8) given in Table I.

the 8 parameters as suggested by the theory. Of course, the
angles in Eqgs. (3) are converted to fy and yy by Eq. (6).

It must be mentioned that there are fundamental
differences between current tensor analysis and the sym-
metry consideration [3,44,45] widely used to understand
AMR in single crystals. Although the symmetry consid-
eration is not wrong, it does not reveal universal angular
dependencies of p,, and p,, and possible identities. One
obtains different results presented here when the symmetry
analysis is applied on a cubic crystal [8]. In fact, it cannot
even recover the universal behavior of p,, and p,, in
polycrystalline without extra inputs [8]. One recent
progress connects AMR with the magnetization-dependent
band structure near the Fermi level [7,9]. These density
functional calculations are consistent with our theory
although they cannot identify universal angular dependen-
cies and characteristics in p,, and py,.

£
o
<
S
8
Q
0 45 90 135 180 0 45 90 135 180
By () Yy (°)

FIG. 3. AMR with current along 6 = 0° under different
magnetic fields. p%, vs fy (a) and y; (b) for magnetic fields
of 3, 6, and 9 T. Symbols are the experimental data, and the solid
lines are Eq. (4). The black bidirectional arrow is used to indicate
differences between the curves.

In summary, a theory of angular dependency of generic
galvomagnetic effects for single cubic crystals are pre-
sented. Only 8 independent and intrinsic parameters are
needed to describe angular dependencies of magnetoresist-
ance. These parameters are intrinsic because they must
exist in all single cubic crystals. A set of characteristics
among p?. and pfy are predicted for current along the [100]
and [110] directions and the magnetization rotating in the
xy, xz, and yz planes. The predictions are beautifully
verified by the experiments on Fe;yCo,, single cubic
crystal film. We believe that the long-standing issue of
universal angular dependencies of galvomagnetic effects in
single cubic crystals is resolved.
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