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S1. The insulating properties of CrPS4 flake
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Fig. S1. The insulating properties of CrPS4 flake. (a) Schematic of the two-probe
measurement geometry on the CrPSs; device. (b) The current vs. voltage curves
between two parallel Pt electrodes across 750 nm CrPS4 channel at 7 =2 K and 300
K.

S2. Determination of crystallographic orientation of CrPS4

To study the anisotropic magnon transport, it is necessary to fabricate the two
magnon valve devices strictly along the <100> and <010> crystallographic directions.
The achievement of such alignment is ensured in the following two ways. First of all,
both transmission electron microscopy and polarized optical microscopy have shown
that the exfoliated CrPS4 samples often cleave along the <110> direction, i.e., along
the diagonal Cr atom rows with respect to the <100> direction and <010> direction,
forming an acute angle of 67.5 in between' 2. The existence of such easy cleavage
lines allows ones to readily identify the crystallographic orientations of CrPS4
samples optically as annotated in Fig. 1b in the main text. As expected, our exfoliated
CrPS4 samples were terminated with straight edges that formed characteristic angle
67.5" as shown in Fig. 1d in the main text, so that the diagonal line of the angle 67.5°

is the <100> direction.
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The second method to determine the crystal orientation is angle-dependent
linearly polarized Raman spectroscopy™*. In the particular case of CrPSs thin flakes,
the Raman 4> mode at 169.0 cm™ (when excited by a laser of 514 nm and 633 nm in
wavelength) has a two-fold angular dependence in the intensity pointing along the
<010> direction*. We acquired such Raman data after the fabrication of the CrPS4
devices and confirmed the accurate alignment of our devices with the respective
crystal axes. As illustrated in Fig. S2a, Raman scattering measurements were
performed using 532 nm laser excitation in a back-scattering micro-Raman
configuration with HR800 (Jobin Yvon Horiba). Polarized measurements in the
parallel and cross configurations are obtained by adjusting the relative angle between
polarizer2 at the scattered light path and polarizerl at the incident light path. To vary
the azimuthal angle, we rotated the sample in a step of 10° using a rotational mount.
We define the angle between the x axis and the incident beam polarization vector e;

as @ shown in Fig. S2b.

CrPS4 belongs to C> point group with one unit cell containing Cr2P2Ss. The lattice
vibrations at the Brillouin zone center consist of the following irreducible
representations: 174 + 19B, in which all the optical modes (164+17B) are
Raman-active*. As shown in the polarized angle-dependent spectra for the region of
100-600 cm™ (Fig. S2c¢,d), the intensity of each Raman peak varied substantially as a
function of 6, which reveals the lattice symmetry. According to the polarization
selection rules, the angle-dependent Raman mode intensity is represented as:

o |e-R- e’ (S1)
where e; and eg are the polarization vectors for the incident light and scattered light,

respectively, and R is the Raman tensor of a given mode. The Raman tensors

corresponding to C> symmetry group are expressed as:

be!® 0  de'®a 0 fe'”r 0
R(4) = ( 0 ce® 0 > » R(B)=|fel®r 0 eel® | (S2)
de'®a 0  ae'®e 0 eei® 0
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By substituting the polarization vectors with parallel and cross configurations as
well as the Raman tensors into equation S1, the following expressions can be obtained
for the Raman intensities in the parallel (]|) and cross (L) configuration for both types

of Raman peaks:

I} « b%sin*@ + c?cos*6 + 2bcsin?Hcos?cosd,, (S3)
I o sin?6cos?0(b? + c? — 2bccos®p,.) (S4)

I} o (f sin 26)? (S5)

I3 « (f cos 20)? (S6)

where @, is the difference between @, and @.. It is straightforward that B modes
have a four-fold symmetry with maxima at 0° and 90° in cross polarization
configuration, which gives <100> and <010> axes. Particularly, A modes have a
two-fold symmetry in parallel polarization configuration, which helps us to

distinguish <100> and <010> axes. Fig. S2e and S2f display the polar graphs of peak
intensities I3 for Bs mode (256.6cm™) and I for 4> mode (169.0cm™) as a function

of the azimuthal angle 6, respectively. The 4> mode have a two-fold symmetry with
maxima at 90° in parallel polarization configuration, implying that the x axis we

defined is the <100> direction, which is consistent with previous report®.
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Fig. S2. Angle-dependent Raman spectroscopy of a CrPS4 device. (a) Schematic of
the angle-dependent polarized Raman scattering measurement. (b) Optical image of a
typical CrPS4 device and the definition of azimuthal angle 6. (c) Angle-dependent
Raman spectra intensity plot under cross polarization configuration. (d)
Angle-dependent Raman spectra intensity plot under parallel polarization
configuration. (e) Polar graph of cross Raman signals of Bs mode. Red solid line is a

fit to equation S6. (f) Polar graph of parallel Raman signals of 42 mode. Blue solid
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S3. Anisotropic magnon transport for more CrPS4 devices
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Fig. S3.1. Anisotropic magnon transport of another CrPS4 device with channel

length of 1.5 pm. (a) V,,, as a function of the angle # between the external magnetic

field B and the direction perpendicular to Pt bars. The solid lines are fittings to cosine

function. (b) Temperature dependence of V,, at 6 = 0 (V,0). (c) Magnetic field

dependence of V34 0. (d) V4,0 versus the square of the injection current I%,. Red

and blue curves show magnon transport signals taken along the <010> (Device-S) and

<100> (Device-W) directions of the CrPS4 crystal, respectively.
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Fig. S3.2. Anisotropic magnon transport of another CrPS4 device with channel
length of 1.5 pm. (a) V,,, as a function of the angle # between the external magnetic
field B and the direction perpendicular to Pt bars. The solid lines are fittings to cosine
function. (b) Temperature dependence of V,, at 6 = 0 (V,0). (c) Magnetic field
dependence of V34 0. (d) V4,0 versus the square of the injection current I1%,. Red
and blue curves show magnon transport signals taken along the <010> (Device-S) and

<100> (Device-W) directions of the CrPS4 crystal, respectively.
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S4. The normalized V3, 0(Igate)/V2w,o curves of the anisotropic magnon valves
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Fig. S4. Normalized Iy4. dependent V,  curves of the data shown in Fig. 3a of

the main text.

S5. Vy, Vvs. 0 of a typical pair of CrPSs devices along <010> and <100>

directions at various g4
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Fig. S5. Magnetic field angle dependent V,, of a typical CrPS4 device at various
Igate- () Vs, for Device-S as a function of angle 6 of the external magnetic field at
Igqte = 0,150,200pA. (b) V¥ for Device-W as a function of angle @ of the external

magnetic field at I, = 0,40,90uA. The cos® dependence of the curves confirms

the thermal magnon nature of the signal.
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S6. Local spin Seebeck measurements in CrPS4 magnon valves

Here, the definition of “local spin Seebeck effect” in our nonlocal measurement
configuration is two-fold: 1) nonlocal transport of phonons in the CrPSs channel
instead of magnons; 2) the nonlocal phonons created temperature gradient at the
detector-CrPS; interface and produced second harmonic signal via local spin Seebeck

effect.

To eliminate the possibility of such local spin Seebeck effect in our nonlocal
measurement configuration, we measured the local spin Seebeck signal of the injector
electrode V34 10cqr @s a function of Ijq. through the gate electrode next to the
injector electrode. As shown in Fig. S6a-b, the V3, 10ca1(Igate) curves with magnetic
field direction 8 = 0° and 180°for Device-S and Device-W under the same
experimental conditions as in our nonlocal measurements. The V5, 0cq; Signals have
constant offsets, thus we can define the pure local spin Seebeck signal without offset

to be:

Vawpure = [Vaw tocat(Igate: 6 = 180°) = Vauy tocar(Igate, 8 = 0°)]/2
and the offset voltage to be:

Vorsset = [Vawtocat(Igates @ = 180°) + Voo ioca (Igate, 6 = 0°)]/2
which are shown in Fig. S6c-d. Device-S and Device-W have very similar
Vosrset(Igate) curves that are independent of magnetic field directions and

crystallographic directions, which indicate an ordinary Seebeck effect from the Pt

electrodes.

In order to verify the spin Seebeck effect nature of the Vy, pyure and the

non-magnetic nature of V,srq.r, magnetic field angle dependence of the raw data, i.e.,

VZw,local(Igate) vs.0 is shown in Fig. S6e-f. Here Fig. S6e shows the

VZw,local(Igate) vs.6 curves for a set of discrete Igqe values for the strong
exchange coupling direction, whereas Fig. S6f shows similar data for the weak
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exchange coupling direction. The curves for different [;q:, are all fitted to
—Vawpure €0S(8) + Vorpser Where Voypure and Virrge, are fitting parameters. The
fitted parameters are then plotted together with the data in Fig. S6¢c-d, which are quite

consistent with the anti-symmetric and symmetric components extracted from

Vaw.iocal (Igate) curves.

Comparing Fig. S6c with features of the nonlocal V5, o(Igaze) curves exhibited

in Fig. 3a in the main text, we can see that the two effects are completely different: 1)

When Iy4: = 0, the local V—fw‘pure for Device-S is only 1.8 times of the local

Vzwlf,,pure of Device-W, while for the nonlocal data, such ratio reaches to 4.0 times; 2)

Igqte turns the nonlocal signals down for both Device-S and Device-W, however the
local signals don’t go to zero and show no inverse sign change like the nonlocal
signals. These features unambiguously show that the magnon diffusive process and
anisotropic magnetic exchange interactions are vital in producing the highly tunable

anisotropic nonlocal signal we reported in the main text.
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Fig. S6. Local spin Seebeck measurements in CrPSs magnon valves. (a) Local
Vawiocar V8- lgate curves for Device-S (Pt electrode perpendicular to the <010>
direction) and (b) Device-W (Pt electrode perpendicular to the <100> direction) at
B =4T, [;, = 60 uA and T = 2 K. Purple and red curves show signals taken under

6 = 0° and 180° field directions, respectively. (¢) Spin Seebeck signal Vy, pyre VS.
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lgqte curves and (d) field direction irrelevant Vyrrser VS. Igqee curves for Device-S
(red curves) and Device-W (blue curves). Orange and purple dots are obtained from
fitting curves in (e) and (f), and the error bar denotes the standard deviation of the
fitting. () Vou10car VS. angle 6 between the external B field and the direction
perpendicular to respective Pt electrodes for Device-S and (f) Device-W with different

Iyqte. The solid curves are fits to a cosine function plus a constant.

S7. Irrelevance of the anomalous Nernst effect in CrPS4 magnon valves

CrPS4 is an antiferromagnetic material with intralayer spins ferromagnetically
aligned and interlayer spins antiferromagnetically aligned, which means the topmost
layer contact with Pt is ferromagnetic. In order to quantify the possible effect of the
anomalous Nernst effect in our CrPS4 devices, we have measured the non-local
second harmonic signal with an applied magnetic field of up to 9 T rotated in the x-z
plane (see inset in Fig. S7 below). The angle of the magnetic field with respect to the
z axis is marked as ¢. An injection current of 60 pA is applied to the injector of our
CrPS4 device. We can see from Fig. S7a that the data fits well to a sing function, in
which the signal is zero when the magnetic field is along the z axis (perpendicular to
the sample plane) and only the magnetic field component along the x axis could
produce non-zero non-local second harmonic signal. Fig. S7b shows minimal
magnetic-field dependence of the non-local signal with the magnetic field along the z
axis (i.e., ¢=0). This data proves unambiguously the absence of anomalous Nernst
effect with magnetic field perpendicular to the CrPS4/Pt interface (ANEx). It’s
considered that ANEx and ANE;, are of similar magnitude’, where ANE, refers to the
Hall voltage along y induced by the temperature gradient along z in the presence of
the magnetization along the x axis. Thus, the absence of ANEx points to the absence
of ANE; in our CrPS4 magnon devices, pointing to the irrelevance of anomalous

Nernst effect in the electrically tunable anisotropic SHM response.
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249  Fig. S7. Irrelevance of the anomalous Nernst effect in CrPSs4 device. (a) The
250 non-local second harmonic signal as a function of angle ¢ between the external
251  magnetic field (B=9T) and the z direction, angle ¢ is defined as shown in the inset. (b)
252  Very little magnetic field dependence can be observed for V,, at ¢ = 0, showing that
253  anomalous Nernst effect, if exist, does not interfere with our analysis.

254
255  S8. Spin model of CrPS4 under an in-plane magnetic field

256 In this section, we consider a two-dimensional localized spin model with
257  easy-axis single-ion anisotropy containing bilayer atoms to describe the A-type
258  antiferromagnet CrPS4. We carry out spin-wave analysis of the antiferromagnet under

259  atransverse magnetic field to obtain low-energy magnon excitations.

260

261 Magnetism for the bilayer CrPS4 is described by spin model:

262 H= H1 + HZ + HI,Z (S7)

263 H, =z Z Jan S 8% e DZ[(S 2)° + (s27) hZ[SAy+SBy
j m=1.2734

264 Hz=z z Jar S47 " S8 ivar DZ[(S )+ (s52)°] - hZ[SAy+SBy
j m=1.2.34

265 Hi, =] Z sé - 85 il

266  Here H; is Hamiltonian for the first layer, H, is Hamiltonian for the second layer,

267  H;, describes the interlayer interaction term. D is the easy-axis single-ion
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anisotropy and J is the magnetic exchange coupling with J, =], Jo, =J2, Ja, =

J3) Ja, = J3- The parameters (Ji to Js4) we used are shown in Fig. S8.1, which are

reported by S. Calder ef al. from neutron scattering measurements®. Subscripts A,B
represent two sets of sublattices of CrPS4, j denotes a monoclinic-lattice A-sublattice

site, and a,, (m = 1,2,3,4) connects a A-sublattice site and its neighboring four

B-sublattice site with a; = O, d, = €5,d3 = €1,d, = €, — €4. SJA

(SiA'X, SiA Y, SiA'Z) is a localized spin of Cr atom (S=3/2) in the A-sublattice site (j)

and S]B+am is a localized Cr spin at the B-sublattice site(j + a,,,). For simplicity, we

consider that the system is a two-dimensional magnet and h is an in-plane field

along x(y)-direction for Device-W (Device-S).

-2.96meV -2.09meV -0.51meV 0.16meV 0.0058meV

Fig. S8.1. Magnetic structure parameters of CrPS4[°).

Under the in-plane field, the antiferromagnetic moment will be deformed linearly

in the field:

S‘fJ- = 1BJ- = S(0, simp, cos )

§5; = S5; = S(0, sinh, — cos 1))
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A canting angle is determined classically as a minimum of a classical magnetic

energy:
Ecassicat = 2N(J:S%(sin®y — cos? ) — 2DS?cos? i — 2hS siny),

where N is a number of the A-sublattice sites. The minimum energy is given by:

: h
Y = ey (%)
Magnetic collective excitations around the classical magnetic order are described

by Holstein-Primakoff bosons:
GAZ __ T GAX L&Ay T GAX .GAY
S =S5 —04;04, Syj — Sy =V2Say Syj tiSy; =V2Sa,;

S7f=S—b by, ST —iS7Y =~2Sbf,  SPF +iS]Y =25hy

Spi=S—alay;,  SpF i8Sy =V2Sal;, ST +iS)) =V2Sa,,

$37 =S—blbyy,  Spi—iSy) =V25bl, 57T +iS)) =2Shy,
where (S~]-A'x,S~jA’y ,.§iA’Z) and (5:]_3 ’x,fiB’y ,.§iB ’Z) are the spin operators in a rotated

frame:
ca,x aX
51, b S1,j

3 1 0 0
Sff’jy :<O cosy —simﬁ) Sf”jy

3, 0 sin cos )
S{ZJZ v v ngz
ca,x a,X
52 1 0 0 52
Sg’jy = <O —cosy —simﬁ) S;’jy
gaz 0 siny —cosy/ \ gaz

2,j 2

Here @« = A,B, a and b are Holstein-Primakoff boson fields for A-sublattice Cr
spin and B-sublattice Cr spin, that represent fluctuations around the classical magnetic
order. Around those 1 that minimize the classical magnetic energy, the Hamiltonian
is stable against such small fluctuations:

H = Eqgssicar + Hsw + 0(613, b3)

That says, a spin-wave Hamiltonian Hg, is given by a quadratic form in the
boson fields. We use equation S8 to replace h by J and D, and transform the

spin-wave Hamiltonian into the momentum space:
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Hmagnon

- M, f(k) N, 0 N, 0o N, 0

ffk) My, 0 N, 0 N, A
N, o M, fk) N 0 N, 0
o N, f'(k) My 0 N, 0 N,
N, 0o N 0 M, f(k) N, 0
0 N, o N f*k) My, 0 N,
N, 0 N, 0 N, 0o M, [k
0o N 0 N, 0 N, f'k) M,.

=¥ (k) Y(k)

with  W(k) = (a;(k), by (K), a,(k), b, (K), af (—K), b (=k), a} (—K), bf (-K))' .

— —J15—]28—2]3S

M, .

+ DScos*y — D?Ssinz Y+ gsinlp + %COSZI]) , N, =
D?Ssinz Y, N, = %(1 + cos2y), N, = %(1 —cos2y), |f(K)| and @y are the

modulus and phase of f(Kk) = §2m=1,2,3,4 ]ameikam = |f(k)|e'®x respectively.

Under
1 -1 1 /i _piok ,
19 =00 ® 1)®E<e1 P )lp(k)
8; .0
1pi’ (k) cosh ? —sinh ? Yi (k) .
(‘P!+(—k)> ) 5, <y.T(—k)>'l = 1234
L —sinh— cosh— !

2 2

The spin-wave Hamiltonian is diagonalized as,

Hmagnon = ) (h1 (Y] (10710 + ho, (YR (00) + haos (Y (R ()
k

+ hw, (K] )y, (k)

Here,
cosh§; = —M"_hlz)zl_(g(k)' , sinh§; = — ;Vf):gf)
cosh§, = —M";IZ)ZZ_(L];(I(N , sinhé§, = —%
coshd; = —MO;IZ)Z;ZL];(I(N , sinhé&; = —%
coshé, = —MOJ;IIZ)Z‘:ZL];(I(N , sinhé, = — ;Vz):g:)

E; = ho,(K) = \/(|M0 — Ny| = [f(K)D? = (N — Np)?

E; = hoy(K) = /(1M + Ny | — [fF(K)])? — (Ng + N, )2
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347

E; = hos(K) = /(IMy — N, | + [f(K)])? — (Ng — Ny)?

E, = hoy(k) = \/(|Mo + Na| + [f(K)]D? — (Ny + Np)? (S9)

Because the weak interlayer magnetic exchange coupling, N,, Ny, N, is much
smaller than other parameters. Thus, band E; and E,is close to degeneracy, and band
E; and E, is close to degeneracy. The lowest E; spin-wave energy momentum
dispersions along high symmetric momentum line are plotted in Fig. S8.2. A highly
anisotropic dispersion is resulted by the anisotropy of magnetic exchange coupling. It

is obvious that the band dispersion along ky (<010>) direction (with stronger magnetic
coupling) has a larger group velocity v = g—i, which will give larger spin current and

corresponding SHM signal.

7P

35
3
5 25
S 2
g 1
1.5
&)
0 1
1
0.5

k./A7!

R P g

Fig. S8.2. Spin model and spin wave modes of CrPS4 under an in-plane magnetic
field. Anisotropic Ex magnon band structure of bilayer CrPSs when the in-plane
anisotropic nearest neighbor coupling J1=-2.96meV, J,=-2.09meV, J3=-0.51meV,
interlayer coupling J.=0.16meV, the magnetic anisotropy D, = 0.0058meV and an

in-plane magnetic field of 4T along the x direction.
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S9. Modeling spin Seebeck effect in CrPSa4
Based on a semi-classical Boltzmann transport theory of magnon in
anti-ferromagnet’, we will give an expression for spin Seebeck coefficient of CrPSs at

finite temperature and finite magnetic field in this section.

Here we first consider the experimental configuration for Device-S, where the
magnetic field is along y axis. The spin density along the field direction is given by
magnon creation and annihilation operators:

Ay By , cAY By
j
— GAY ‘ G4, GBy : GB, GAY
= Z(cosdj Syj +sin S5 + cosy §77 + simp S7F° + cosy S
j
— siny SE]!Z + cosy fij — siny §flz)
= sinp (S5 + S77) + cosy Zj(S“fiy + 577 ) — sing ¥5(S557 +
B,z GAYy &By
52 ) + cosy Z,-(Sz,i + 52 )
= iny ¥:(2S — al.ay i — bl.byi — ab.ay; — bl.by i) +
siny 2;;( a1,q1 1j01j — Q242 2iD2,)

S
COSl/J 2] \/; (a-:ll-,]- + allj + bIl + bl,i + a;’j + azll' + b;,] + bz'i). (SIO)

The second terms in the last line are linear in the magnon creation or annihilation
operators, so that they are time-dependent with a factor of et "®1234(Kt+id  Vyithin
the experimental measurement resolution, these contributions must be averaged to the
zero. Besides, the initial phase ¢ in the time-dependent factor are equally distributed
with [0,27], because the magnon are supposed to be thermally activated under the
injector. After being averaged over the initial ¢, the contributions must be zero too.
Thus, we consider the contribution of the first term in equation S10 and obtain the

average spin projection along the magnetic field as:
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Z(S”+S”+S”+S”)

= —sin ) (cosh8,y{ (0, () + cosh8,y} (), (10

+ cosh63y§(k)y3 (k) + COSh54YZ(k)Y4(k))

Note that the same signs in angular momenta of the four magnon modes, coshd;,

coshd,, coshd;, coshd, > 0. Since the two magnon modes have different group

velocity vj(K) = Wyw;(K) (j = 1,2,3,4), the spin current density operator [, is:

J7 = (2 e ——siny [ dkydk zvl(k)cosh(S [n;(k) —n (K)]

n (k) — nf (k) = —7;(Kvi(k) - V) (k)

For Device-W, a similar J§ could be obtained. We follow the same argument as
Ref.[7], to obtain the spin Seebeck coefficient:

Jo=S-VT

fw)l

sing [, dk,dk, ¥ lv(k)coshdv(k)Lle(zk) (S11)

ekBT -1

h
$(T) = (2m)2kpT?
where 1;, = 1/7; is the magnon relaxation time and n;(k) = (le (k)y;(k)) is the

magnon density for the i/ magnon branch and at magnon momentum k. v;(k)v;(k) is
generally in the tensor-form and so is the Seebeck coefficient S. The dispersion

relation of the four magnon branches is given in equation S9.

Thus, we are ready to simulate V5, , and V34 o as”®?:

Vaino = CS [ S(T) - VTl
= W x [ Sp(2K+ 7 iZ + ¢ I3ace) * (67" o + € [Gare) ], (S12)
where, as stated in the main text, 7 = X,y are unitary vectors corresponds magnon
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propagation directions in Device-W and Device-S, C>W is an overall constant, Cf '

and CZS W are heating efficiency of the injector and gate along the two directions,

respectively, and [...],,, means taking the second harmonic component.

S10. Ignorable out-of-plane spin Seebeck coefficient S,(T)
We extend our model in Supplementary S8 and S9 to three-dimension and
calculate the out-of-plane spin Seebeck coefficient S,(T). Magnetism for the bulk

CrPS4 is described by the following Hamiltonian:

H = Z Z ]am S}A . S;?‘Hlm —D Z [(S]A,Z)Z + (S]-B'Z)Z] _ hZ[S]fLY N SjB,y
J J

j m=12,3,4
+ D Je (] Shag + 57 Sfra)
J

Here D is the easy-axis single-ion anisotropy and J is the magnetic exchange
coupling with J,, =J1, Ja, =J2» Jay =J3) Ja, =J3. J denotes a monoclinic-lattice
A-sublattice site, and a,, (m = 1,2,3,4,5) connects a A-sublattice site and its
neighboring four B-sublattice sites with a; =0, a, = e,,a; = e, a, = e, — e;.

as = e; is the normal vector connected two adjacent layers. S]A = (S]f‘l’x ) S]f‘l’y ,S f’z)

is a localized spin of Cr atom (S=3/2) in the A-sublattice site (j) and Sﬁ_am is a

localized Cr spin at the B-sublattice site(j + a,,).

Under the in-plane field 4, the antiferromagnetically aligned spins will be canted

linearly towards the field direction:

S;.q = S}g = S(0, simp, cos Y) |jZ=2ne3

§¢ =87 = S(0,sinp, — cos ) |j = 2n+1)e;
with 2n denotes even layers and 2n+/ denotes odd layers. A canting angle is
determined classically as a minimum of a classical magnetic energy:
E.assicai = N(2J.S%(sin?y — cos? ) — 2DS?cos? 1 — 2hS siny),
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where N is a number of the A-sublattice sites. The minimum energy is given by:
h

2@ D)

Magnetic collective excitations around the classical magnetic order are described

by the Holstein-Primakoff bosons:

$H =S—ala;, S —iS" =V2Saf,  $M+i5Y =V2Sq

; by, SPT—iSPY =2ShY,  SP¥ 4+ iSPY = V2Sh,

where (S~f4'x,5~f4’y ,.S:-A’Z) and (.S:;3 ’x,ff’y ,.S:f ’Z) are the spin operators in a rotated

ca,x SOC,X

§ 1 0 0 )
&y :<O cosy —simﬁ) S,-a'y |jz=2ne3

L

az 0 SiTLl/) COSl/J S_a,z
J j
ca,x ax
5; 1 0 0 /S
sa, . a,
J Y = <O —cosy —Slnv,b) S]- d lj,=c2n+1)es
s,z 0 siny —cosy gz
7 j

Here @ = A,B, a and b are Holstein-Primakoff boson fields for A-sublattice Cr
spins and B-sublattice Cr spins, that represent fluctuations around the classical
magnetic order. Around those i that minimize the classical magnetic energy, the
Hamiltonian is stable against such small fluctuations:

H = Eqgssicar + How + 0(a®,b%)
Thus, the spin-wave Hamiltonian transformed into the momentum space (here k is a

three-dimensional wave vector) is:

My, f(k) N 0

(K M 0 N,
Hagnon = p w0/ Ho B o Lo
* 0 Ny f) M

with W(k) = (al),b(),a* (-k),b*(-k))" , My = L5525 4 pgeosy —
%sin2 Y+ gsinlp + J.Scos2y + % (1 —cos2y)cos (k-as) , Ny= %sin2 Y+
%(1 + cos2y)cos (k- as), |f(K)| and ¢, are the modulus and phase of f(k) =
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451

452

453

454

455

456

s Tea _ , .
52m=1,2,3,4]amelk am = |f(K)|e'®k respectively.

Under
a(k) o Ok
b(k) | _ ; ®i e 0 (1 —1) ﬁ:t
at(=Kk) 0= V2 0 e/ 1| %k
b+(_k) ,Bjk
1 .0y
( ap cosh 0} —sinh 0} <V1,k > (ﬁk )
") =), (%
a o) 6
k —sinh ?1 cosh 71 Vi) \Pok

The spin-wave Hamiltonian is diagonalized as,

Hmagnon = (ko3 (Y] (03 (K) + ho, (Y5 (7, (K))
k

Here,
M, + |f(K
coshs, Mo 1700
Ey
M, — |f(k
coshs, = Mo =)
Ey

F(9 = hooy () = (Mo + I GOD)? — NG

E,(K) = hw,(k) =/ (M, — |[f(K))? — N&.

The lowest E, spin-wave energy momentum dispersions with k, =0 or k, =0

are plotted in Fig. S10. As can be seen, the energy band is nearly dispersionless along

k, direction compared to k, and k,,.
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Fig. S10.1. Three-dimensional spin model and spin wave modes of CrPS4 under an
in-plane magnetic field. (a) The lowest E, spin-wave energy momentum dispersions
with k, = 0. (b) The lowest E, spin-wave energy momentum dispersions with k, =

0.

To get the expression for spin Seebeck coefficient, we first consider the
experimental configuration for Device-S, where the magnetic field is along the y axis.
The spin density along the field direction is given by magnon creation and
annihilation operators:

(SA’y+SB’y) = si (2S —ala; — bI b)) + cosy §(a++a-+b++b-)

j j )= s j &~ by bj 5> (@ +a;+ by + b

J J J
We consider the contribution of the first term (the second linear term vanishes in

average) and obtain the average spin projection along the magnetic field as:

Z<s;*” + 877y = —siny z<cosh61y1(k)y1(k) + coshd, v} (K)y (K))
j k
With n;(K) = (y;r(k)yi (K)), the spin current density operator J,,, is:

2
J = - %sin Y/ dkydk,dk, z vi(k)coshd;[n; (k) —n} (k)]

i=1
n; (k) — n (k) = —7;(k)v;(k) - Vn] (k)
For Device-W, a similar J§ could be obtained. Based on J,, =S-VT, the

three-dimensional spin Seebeck coefficient reads:
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hw;i

h eksThw;T;(K)
476 S(T) = msmlpf dk,dk,dk, Ev(k)coshé vl(k)—2
BZ (e L 1)
477
478 Figure S10.2 shows the calculated spin Seebeck coefficient S,(T). The

479  out-of-plane spin Seebeck coefficient S,(T) is quite small compared with the
480  in-plane coefficients S,(T) and S,(T) at T = 2K and above. This 2D nature of the

481  magnon transport in CrPS4 is warranted by the weak interlayer exchange interaction.

— SX
L —Sz

S(a.u.)

0 2 4 6 8 10 12 14
482 T(K)

483  Fig. S10.2. The simulated spin Seebeck coefficient S,, with a three-dimensional

484  model.
485
486 Since both of the out-of-plane temperature gradient under the detector (see

487  Supplementary S11) and the spin Seebeck coefficient S,(T) are small, the
488  two-dimensional spin transport model could capture the majority of the physics and
489  thus the Equation 2 in the main text is a good approximation at the moment. It is
490  indeed interesting to provide a more comprehensive theory to the experimental result
491  we obtained in this manuscript, and we hope that our experimental work could
492  stimulate further discussions and theoretical works in the field.

493

494

25/ 36



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

S11. Finite element analysis of the temperature and spin chemical potential
distribution in CrPS4 device

To clarify how the heat flows in the sample and how it affects the distribution of
the temperature gradience in the sample in the in-plane and out-of-plane directions,
we perform additional finite element analyses (Phys. Rev. B 96, 104441 (2017)) of the
temperature distribution and magnon chemical potential distribution for CrPS4

magnon valve devices with crystal thickness of 30nm.

The linear response relation of heat and spin transport in the bulk of a magnetic
insulator reads:
2e .
F Im _ (O‘m S/T) (v.um)
Jo S K vT
where j,, is the magnon spin current, j, the total heat current, u,, the magnon
chemical potential, 7 the temperature, o0, the magnon spin conductivity, k the total

Jé

heat conductivity and § the spin Seebeck coefficient. Combined with V- j, = —

opt’
and V-j,, = — % Um., the diffusion equations for spin and heat read:

j2
S Vi, + Kk VT = —=
Opt

vT Om " U

. 2 . i m m
Om " Vilm +S V(T)— 1z

where j. is the charge current density in the injector Pt electrode, op; is the

electrical conductivity of the Pt electrode and 4,, the magnon spin diffusion length.

Since CrPS4 is not as widely studied as YIG, some parameters are unavailable,
let alone considering the anisotropy. For the parameters related to temperature
gradient distribution analysis, there is no thermal conductivity data found for CrPSa in
the literature. Here we use the in-plane thermal conductivity 6.3[W/(m*K)] for
MnPS3 as an rough estimate of the thermal conductivity for CrPS4 along the <010>
direction, and the through-plane thermal conductivity 1.1[W/(m*K)] for MnPS3 as the

through-plane thermal conductivity for CrPS4. Based on our fitting parameters ¢ =
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1.7 X 10™*K/pA?, ¢; = 1.2 x 107*K/uA? for Device-S (magnon transports along
the <010> direction) and cj’ = 4.9 X 107*K/uA?, c¥ = 3.8 x 107*K/uA? for
Device-W (magnon transports along the <100> direction), an average VT"W /VT of 3
times is obtained. Since the heating power is fixed in our experiment, the <100>
thermal conductivity for CrPSs is estimated to be 3 times smaller than the <010>

thermal conductivity, which is 2.1[W/(m*K)].

For the parameters related to spin chemical potential distribution analysis, the
ratio for the spin Seebeck coefficient components S,:5,:5, = 1:0.404:0.017 are
obtained from our model (details in our reply to reviewer’s comment #2 and in Fig.
R3 below). Here we use the spin Seebeck coefficient 500[A/m] for YIG as S, for
CrPSs4, then applying the ratio above, one can obtain S, = 202[A/m] and S, =
8.5[A/m]. For the magnon spin conductivity @,,, since the calculation procedure of
o, 1s similar to the calculation for § in our model used in Supplementary S10, would
simply provide the resulting ratio in the following discussion. By adding the chemical
potential u,, generated by SSE caused magnons accumulation under the injector

1 . . .
nd(k) = —fw—emm— 1 our model, the spin current density reads:
e kT 1

h
Jin=S8-VT + =0 Vitm

The resulted magnon spin conductivity is:

hawy
eksTt(k)

h(l)i 2

Thus we could get the ratio for the magnon spin conductivity components

2

2
2e
O'm(T) = m&'inlp dekxdkydkzzl:vi(k)coshSivi(k)
i=

Omy: Omyx: Omz = 1:0.419:0.037 . Here we use the magnon spin conductivity
9000[S/m] for YIG as oy, for CrPSs then o, =3771[S/m] and oy, =

333[S/m]. As for the magnon spin diffusion length A,,, we extracted A, =

&* exp(d/Am)
Am  1—exp(2d/Am)

1022-1026 (2015)) using R3,(d = 0.75um) = 0.527nV /uA?, R3,(d = 1.5um) =

0.87um and A,,, = 045um from R,, = (Nat. Phys. 11,

0.189nV /uA? for Device-S and RY,(d = 0.75um) = 0.352nV /uA?, RY, (d =
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549

550

551

552

1.5um) = 0.064nV /uA? for Device-W. The R,, values are obtained from the liner

slopes of V0 Vs. 1%, curves for device2 shown in Fig. 2d in our main text and Fig.

S3.2d in the Supplementary information. All the parameters used in the finite element

analysis are listed below:

Conductivity goEs[sim) | COMSOL Material
Pt database
- « COMSOL Material
thermal conductivity 71.6[W/(m*K)] database
. ACS Nano, 14,
'”'p'aggnzgigiittherma' 6.3[WIM*K)] | 2424-2435(2020)
y for MnPS3
in-plane <100> thermal *
conductivity 2.1[W/(m*K)] calculated
through-plane thermal ACS Nano,14,
(?onguctivi t LIWImM*K)] | 2424-2435(2020)
y for MnPS3
. . Phys. Rev. B 96,
In-plane <010 spin 500[A/m] 104441 (2017) for
Seebeck coefficient
YIG
In-plane <100> spin 202[A/m] calculated
CIPS Seebeck coefficient
4 .
through-plane spin
Seebeck coefficient 8.5[A/m] calculated
. Phys. Rev. B 94,
'”'ps'air;]e;%%;mgnon 9000[S/m] 180402(R) (2016)
P y for YIG
In-plane <100> magnon 3771[S/m] calculated
spin conductivity
throu.gh-plane rr_1a_gnon 333[S/m] calculated
spin conductivity
in-plane <010> magnon From experimental
spin diffusion length 0.87um data
in-plane <100> magnon From experimental
spin diffusion length 0-45um data
CRC Handbook of
: - « Chemistry and
SiO; thermal conductivity 1.38[W/(m*K)] Physics (92nd
ed.).p12.213
. - « COMSOL Material
Si thermal conductivity 130[W/(m*K)] database
CIPSA/SIO through-plane thermal SE-7[K*m2WT* Com_putatl(_)nal
resistance Materials Science,
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564
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566

567

568

569

570

571

572

573

574

575

576

577

578

579

142, 1-6 (2018)
through-plane thermal - PHYSICAL
PUCIPS: resistance LAE-7[K*m*/W] REVIEW B 101,
205407 (2020)

Table S10. The parameters used in the finite element analysis. *There is no data found
for CrPS4/SiOz in the literature, we used value from through-plane thermal resistance
between MoS./SiO; instead. *There is no data found for Pt/CrPS., we used estimated

value for CrBrs/Pt in the literature.

In the simulations, the sample thickness is fcresa = 30 nm and the width of the
crystal is werpss = 10 um. The crystal is placed on top of a silicon substrate with a
Si0; layer of 300 nm thick. The injector electrode has a thickness of tpy = 10 nm and a
width of wpe = 250 nm. The heat current normal to the CrPS4/vacuum and Pt[vacuum
interfaces is set to be zero. The spin current normal to the CrPSsvacuum and
CrPS4|S10: interfaces is also set to be zero. We have performed finite element analysis
for a MnPS3 device having similar configuration in Nat. Commun. 12, 6279 (2021),
which gives a temperature around 3K at the bottom of the Pt injector. Since here we
have adopted the thermal conductivity for MnPSs as for CrPSs, to simplify the

simulation, the boundary condition 7= 3K at the bottom of the Pt injector is used.

As shown in Figure R1, under the detector electrodes (1.5um away from the
injectors), both the in-plane temperature gradients and the out-of-plane temperature
gradients are negligible for Device-S and Device-W. The large local out-of-plane
temperature gradient should cause a large local SSE signal, and it is indeed detected
experimentally, as shown in Fig. S6 in the Supplementary information. However,
different from the local signal, the nonlocal signal is mainly caused by the thermal
magnons diffusing to the detector. The resultant spin chemical potential distribution
has similar behavior to YIG (Phys. Rev. B 96, 104441 2017) that the chemical
potential changes sign because of the depletion of magnons below the injector and an
accumulation of magnons at the CrPS4|SiO- interface. The finite element analysis

shows that out-of-plane temperature gradient plays a minimal role in our nonlocal
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Fig. S11. Finite element analysis of the temperature and spin chemical potential
distribution in CrPS4 device. (a) Temperature, (b) temperature gradient and (c) spin
chemical potential distribution in yz plane for Device-S. (d) Temperature, (e)
temperature gradient and (f) spin chemical potential distribution in xz plane for

Device-W.

S12. Simulated and experimental ng,o and V}""»,O vs. Igqee curves

As discussed in the previous section, the simulation of Vs w,0 can be achieved via

equation (S12) with only three global parameters. Root means square deviation
between the simulated curves and the experimental curves is calculated, and
minimizing this deviation gives us the best values of the three global parameters:

$=0527%x1072V-s/h, ¢ = 1.7 x 107*K/pA? and c¢; = 1.2 X 107*K/pA?
for Device-S and C" = 0.484 x 10725V -s/h, ¢} = 4.9 x 107*K/pA? and ¢y =

3.8 X 107*K/pA? for Device-W shown in Figure 3 in the main text.
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These global parameters can produce VZSw,O and VZ"Z,,O curves as a function of

I

gate under multiple values of magnetic field in Fig. S12. For the two magnon

transport directions, the simulated zero crossing points I5 and I} all increase
monotonically with the increase of magnetic field, which is consistent with
experiment. The above agreements between the simulation and the experimental data
suggest that our model captures the physical trends behind the behavior of the CrPS4
devices. In Supplementary Section S13 we further prove that exchange anisotropy is
the key factor that produces the main features observed experimentally, while other
factors, such as anisotropic thermal conductivity, anisotropic magnon scattering rate
and anisotropic phonon-magnon coupling along the <100> and <010> directions in
CrPS4 may play a role in shaping the excellent performance of the electrically tunable

anisotropy of SHM in CrPS4 magnon valves.
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Fig. S12. I;4. dependent ng,o and V%),o under various magnetic field:

Experiments and Simulations. (a) Experiment and (b) Simulation of normalized
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V5,0 as a function of lgqte under multiple values of magnetic field. (¢) Experiment

and (d) Simulation of normalized V3%, as a function of lgqte under multiple values

of magnetic field. Only three global parameters are needed to produce all the

simulation curves which match well with the experimental data.

S13. Simulation analysis for anisotropic magnon transport tuning
To further analyze the anisotropic gate tuning effect of the magnon transport in

CrPS4, we decompose the simulated SHM signal to S,,, VT components for device2
shown in Figure 3 in the main text, and display their dependence on I;ate in Fig.

S13.1a. First, due to the highly anisotropic dispersion resulted by the anisotropy of

magnetic exchange coupling, the band dispersion along <010> direction (with
stronger magnetic coupling) has a larger group velocity v = Z—i, thus S, for
Device-S has a larger amplitude than S, for Device-W, which has been discussed in
section S8. Second, the anisotropic lattice could induce anisotropic thermal

conductivity, leading to anisotropic temperature gradience in the device. With these

two factors, the spin current [, for Device-W reach to its maximum faster than
Device-S with increasing the square of the gate current Igzate as shown in Fig. S13.1b.

In our real-time lock-in measurement, the maximum point of J,, corresponds to the

sign reversal point of V,, o, because the thermally driven magnon spin current J,,
first increase and then decrease with I7,., i.e. magnons are accumulating and

flowing away below the detector electrode®®. Thus, Device-W could be tuned faster to

zero than Device-S by the DC current.

In order to test if the anisotropic exchange interaction is the dominant cause of
the anisotropic magnon transport behavior, we plot another simulated VZSw,O vS. Igate
curve for Device-S using the same parameters obtained from fitting the experimental

V3,0 VS Igatecurve of Device-W: CW = 0.484 x 10726V - s/h, cf’ = 4.9 x 107*K/
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nA? and c¥ =3.8x107*K/pA?, as shown in Fig. S13.2b. Fig.13.2a is the
experimental data for device 2, which is the same as shown in Fig. 3a in the main text.
As can be seen in Fig. 13.2b, the simulated signal of Device-S is about four times
stronger than the signal of Device-W without DC modulation, which well reproduced

the experimental data. Besides, the simulation captures the most important feature of
the two zero points I(i IV with Ig‘ 1> 13{’1. This indicates that, compared with

anisotropic thermal effect, the anisotropy of the spin Seebeck coefficient S caused by
the anisotropic in-plane magnetic exchange coupling is the main reason for the

anisotropic magnon transport tuning.

That being said, the value of c¢; is different from c}’, and ¢35 is different from
c¥, in order to get the best fit to the experimental data as shown in Fig. 3a, which
point to effects beyond anisotropic exchange coupling. Possible additional factors
includes but not limited to anisotropic thermal conductivity, anisotropic magnon
scattering rate and anisotropic phonon-magnon coupling along the <100> and <010>
directions in CrPS4, which are currently unknown experimentally, and warrant further

investigation in future studies.
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Fig. S13.1. Anisotropic Spin Seebeck effect in CrPS4. (a) The simulated spin

Seebeck coefficient S,, and temperature difference AT for Device-S (red curves)

and Device-W (blue curves) as a function of the square of the gate current Ijate. (b)
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The simulated normalized spin current J,, for Device-S (red curves) and Device-W

(blue curves) as a function of the square of the gate current Igzate.

(a) T T T T T T T (b) T T T T
Device-S EXP :
400 | . . J 400 Device-S SIM
device2 Device-W EXP Devicay SV
300 300
< S
E 200 % 200
=3 3
3 = 100
100
0
0 Q: ;
-100 B
_100 1 1 Il 1 Il 1 Il 1 L 1 L L L 1 1 1
-500 -400 -300 -200 -100 O 100 200 300 400 500 -500 -400 -300 -200 -100 O 100 200 300 400 500
gate( IJA) "gafe( M A)

Fig. S13.2. Simulation results of DC gate tuning for V‘;a":/ o using the same

heating efficiency parameters. (a) Experimental results of Device-S (red curve) and
Device-W (blue curve), same as shown in Fig.3a in the main text. (b) The VZSw,O plot
of Device-S (red curve) using the same heating parameters as Device-W’s simulated

curve (blue curve).

S14. Stability test of few-layer CrPS4 devices

(a) (b) 600 deviceS —=—20100 .
.' 1
—e— 2 1 0623 o |

400 .

200 + B
z

VZwC - Or E
>N

-200 -

-400 | .

-600 B

0 60 120 180 240 300 360
O(degrees)

Fig. S14. Stability test of few-layer CrPS4 crystals and devices. (a) The optical
micrograph of few-layer CrPS4 on SiO> substrate after exfoliation for about 9 months.

(b) The device performance of our CrPS4 device right after fabrication and after about
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9 months.

S15. Possible applications of the magnon ROM

It is worth noting that with its peculiar readout scheme, such magnon ROMs can
serve in special purposed information storage such as inscribing proprietary and
confidential information. That is to say, the information stored in such magnon ROMs
is out of reach for persons without a prior knowledge of several factors including the
Néel temperature of the channel materials, the channel crystal orientation and
magnetization direction, the preset Iy4e, €tc. The anisotropic magnon ROM could

also be used to store two sets of digital information, which can be read out using two
different gate currents (i.e., Iggee = I5 and lyate = 1Y represent two sets of

information for the same ROM). Multi-state (instead of binary) memory can in
principle be engineered by making use of the nonlinear and anisotropic relation

between g4, and I..qq along the two directions.
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