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PNR Fitting

The PNR experiments were performed at the PBR beamline at the NIST Center for Neutron

Research. Samples were field-cooled and measured in a magnetic field H = 700 mT applied in

the plane of the sample surface. The polarized beam was incident on the sample at a grazing

angle, and the specular reflectivity was recorded as a function of wave vector transfer Qz

along the surface normal. The depth profiles of the nuclear scattering length density (nSLD)

and the magnetization (M) component parallel to H were deduced via fitting the non-spin-

flip curves to a superlattice model, in which the thickness and roughness of each layer was

already determined through X-ray reflectivity, as published elsewhere,1 and therefore fixed

during the fit. The error bars of the best fit parameters represent 95% confidential interval.

In addition to the data taken at 5 K displayed in the main text, PNR measurements were

also performed on the ultra-thin [(CoCr2O4)n/(Al2O3)2]N superlattices at different temper-

atures. These results, together with fittings are shown in Fig. S1. The estimated net mag-

netization of n = 2 is (0.33±0.08) µB/f.u. at 10 K, close to the value of ∼0.33 µB/f.u.

obtained at 5 K. Moreover, the estimated net magnetization of n = 4 is (0.39±0.09) µB/f.u.

at 20 K, also close to the value of ∼0.40 µB/f.u. obtained at 5 K. These results indicate the

in-plane magnetization of each superlattice is almost saturated after field-cooling in 700 mT

field down to the base temperature.
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Figure S1: (a)-(b) Spin asymmetry and the depth profile of [(CoCr2O4)n/(Al2O3)2]N (n =
2, N = 8) at 10 K. The net magnetization per CoCr2O4 is estimated ∼0.33 µB/f.u. (c) and
(d) Spin asymmetry and the depth profile of [CoCr2O4)n/(Al2O3)2]N (n = 4, N = 4) at 20
K. The net magnetization per CoCr2O4 is estimated ∼0.39 µB/f.u.
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XMCD Sum Rules Analyses

XMCD sum-rules2,3 were applied on the spectra of both Co and Cr L2,3 edges. Specifically,

since the L3 and L2 edges are well separated, the spin and orbital magnetic moment of Co

was deduced according to the following equations:

morbital = −4q

3r
× (10− nd) (1a)

mspin = −6p− 4q

r
× (10− nd) (1b)

On the other hand, due to the spectral overlap of L3 and L2 edges of Cr, while the orbital

sum rule is not affected, application of the spin sum rule on Cr should be modified by the

so-called “spin correction factor (SC)”:4,5

mspin = −6p− 4q

r
× (10− nd)× SC (2)

The detailed process of how to extract SC from the spectra was reported by E. Goering.6 In

above equations, r, p, and q represents the three integrals over XAS and XMCD spectra,7 as

shown on Fig. S2. Note, the XAS in each figure is the white-line intensity after subtracting

the edge-jump background. nd represents the number of electrons on the d levels. In this

case, nd = 3 for Cr3+ (3d3) and 7 for Co2+ (3d7). The magnetic dipole term 〈Tz〉, which can

give an error of ∼ 10% in the estimation of the spin moment is omitted for convenience. In

Table S1, we summarized the obtained values of SC and magnetic moment of each ion, and

the net magnetization of CoCr2O4 per formula unit (f.u.).
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Figure S2: Sum-rules analyses of the XMCD spectra taken around the Co (a)-(c) and
the Cr (d)-(f) L2,3 edges from both the bulk-like (n = 50) CoCr2O4 and the ultra-thin
(CoCr2O4)n/(Al2O3)2 (n = 4 and 2), respectively. The left-axis represents the spectrum and
the right-axis represents the integral over the corresponding spectrum.
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Table S1: Values of SC, magnetic moment of each element (Co2+ and Cr3+) of each ion,
and the net magnetization of CoCr2O4.The net moment per CoCr2O4 formula unit (f.u.) is
calculated as mnet = (mCo + 2mCr)/cos30◦, where a factor of cos30◦ is included to account
for the incident angle of x-rays.

n (QL) SCCr ms,Cr (µB) mo,Cr (µB) mCr (µB) ms,Co (µB) mo,Co (µB) mCo (µB) mnet (µB/f.u.)

50 1.2 -0.23 -0.05 -0.28 0.53 0.12 0.65 0.10
4 1.5 -0.21 -0.01 -0.22 0.49 0.15 0.64 0.23
2 1.5 -0.087 0.013 -0.074 0.19 0.069 0.26 0.13
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Brillouin Function Fitting

For n = 4 and 2, the field-dependent XMCD curves can be well reproduced using a two-

sublattice ferrimagnetic model.8–10 In this model, for a normal spinel structure, the net

magnetic moments of each sublattice i (here i = Co, Cr) below the Curie temperature are

antiparallel. Within the nearest neighbor approximation, the Weiss molecular field on each

site is composed of both the inter-sublattice (JCo-Cr) and the intra-sublattice (JCo-Co and

JCr-Cr) exchange interactions.

For each sublattice below the transition temperature, the net magnetization per site is given

by the modified Brillouin function:

yi = BSi
(xi) =

2Si + 1

2Si
coth(

2Si + 1

2Si
xi)−

1

2Si
coth(

1

2Si
xi) (3)

with

yi = Mi/Mi0 (4)

xi =
giµBSi
kBT

[H + w(−aiMi −Mj)], i 6= j (5)

in which Mi is the magnetization per site of the ith sublattice, and Mi0 is the saturated

magnetization. Therefore yi is the reduced magnetization. Si is the spin magnetic moment

of the ith sublattice. In this case, Co2+ and Cr3+ ions have equal values, SCo = SCr = 3/2.

gi is the gyromagnetic ratio and we took gCo = 2.2 and gCr = 2.0.11 w in xi represents

the inter-sublattice Weiss constant, which is linearly proportional to the inter-sublattice ex-

change interaction JCo-Cr. And ai is the factor expressing the intensity of the intra-sublattice

exchange interaction with respect to the inter-sublattice value. By fitting the experimental

data using this modified Brillouin function, the strength of the exchange interactions can be

estimated.12–14

In order to relate the variables to our XMCD results, we rewrite xi into the normalized
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form:

xi =
giµBSiH

kBT
+ θ · 3S

S + 1
(−ai

Mi

Mi0

− Mj

Mj0

), i 6= j (6)

θ =
g2i µ

2
BS(S + 1)

3kBT
w (7)

Now Mi is the field-dependent XMCD intensity. Taking the non-saturation effect into con-

sideration, we denote a ratio Ci ≡ Mi0/Mi,H=0.5T where Mi,H=0.5T is the XMCD intensity

measured under 0.5 T external field. Finally, the ferrimagnetic Brillouin function has the

form:

yi =
Mi

Ci ·Mi,H=0.5T

= BSi
(xi) (8)

xi =
giµBSiH

kBT
+ θ · 3S

S + 1
· 1

Ci
(−ai

Mi

Mi,H=0.5T

− Mj

Mi,H=0.5T

), i 6= j (9)

The fitting parameters are the dimensionless Ci, θ, and ai. Especially, in our case, aCo

is negligible due to the weak exchange interaction JAA between nearest neighbor Co sites.

For n = 4, we obtained CCo = 2.54 ± 0.10, CCr = −2.11 ± 0.01; θ = 1.28 ± 0.01, and

aCr = 0.49± 0.01. For n = 2, CCo = 4.03± 0.28, CCr = −1.67± 0.07; θ = 1.17± 0.01, and

aCr = 0.37± 0.01.
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Determination of Spin Correlation Length

Here, we show that the inert Al2O3 spacer is thick enough so that the periodic CoCr2O4

slabs are magnetically noninteracting and are well-isolated from each other. It is known that

as the thickness (t) of a magnetic material is reduced comparable to its spin-spin correlation

length, the magnetic ordering temperature (TC) shifts towards lower temperatures. The

scaling relationship between TC and t is given by,15

TC(t) = TC(bulk)

[
1− (

ξ0
t

)λ
]
, (10)

where TC(bulk) is the transition temperature in bulk, λ is a shift exponent, and ξ0 is the

characteristic spin-spin correlation length. Fig. S3 shows the fitting of the above equation

to our data. Based on the fit we obtain a spin-spin correlation length ξ0 ∼0.60 nm. Note

that the thickness of Al2O3 spacer is 1.3 nm, thus, it ensures that the alternating CoCr2O4

slabs are magnetically non-interacting.
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Figure S3: Scaling relation between Curie temperature TC and slab thickness t of CoCr2O4.
The spin-spin correlation length ξ0 is extracted from the fit.
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Density Functional Theory Calculations

Computational details

The first-principles Density Functional Theory (DFT) calculations were performed within

the projected-augmented wave (PAW) framework16,17 using the Vienna ab initio simulation

package (VASP).18,19 We considered nine valence electron of Co (3d74s2), twelve valence elec-

trons of Cr (3p63d54s1), and six valence electrons of O (2s22p4) in the PAW pseudo-potentials.

The Perdew-Burke-Ernzerhof (PBE)20 parametrized generalized gradient approximation was

used to compute the exchange-correlation energy. A 8× 8× 8 Monkhorst-Pack k-mesh was

used to sample the Brillouin zone, and 600 eV was used as the cutoff for plane waves. The

structures were optimized until the residual forces were less than 10−3 eV/Å, and 10−8 eV was

used as the convergence criterion for total energy in the self-consistent DFT calculations.

The PBE+U scheme was employed for the treatment of strongly correlated 3d orbitals at

the mean-field level (Dudarev’s approach21). We set UCo = 3.3 eV and UCr = 3.7 eV for

the on-site Hubbard interaction terms for the d electrons of Co and Cr. These values are

reported to correctly describe the structural phase transitions and the magnetic structure

of CoCr2O4.22–25 Using the above parameters, a Néel-type magnetic configuration (all Co ↑,

and all Cr ↓) was obtained as the lowest energy magnetic configuration for bulk CoCr2O4,

where the total magnetic moment of Co and Cr atoms stayed around 2.7µB and 3.0µB,

respectively. The optimized lattice parameters of cubic spinel structure (space group Fd3̄m)

of CoCr2O4 are a = b = c = 8.34Å, with x = 0.26 as an internal structural parameter for

oxygen atoms.

To simulate the slab geometry corresponding to n = 2 quadruplet layer (QL), we create

an epitaxial heterostructures containing 2 unit cells of CoCr2O4 sandwitched between a

∼10Å thick spacer layer of nonmagnetic and insulating MgAl2O4, as shown in Fig. S4.

To minimize any magnetic interaction between the periodic images of CoCr2O4 slabs, the

thickness of the MgAl2O4 spacer layer was chosen to be larger than the spin-correlation

10



length (6.0Å) in bulk CoCr2O4. The CoCr2O4/MgAl2O4 heterostructure was optimized

using the same convergence criteria as that for the bulk CoCr2O4, however, a relatively

smaller Monkhorst-Pack type k-mesh of size 8× 8× 6 was employed to sample the Brillouin

zone. The Mg (3s2) and Al (3s23p1) VASP PAW pseudo-potentials were used. The lattice

parameters of optimized heterostructure are: a = b = 5.82Å, and c = 23.32Å (α = γ =

120°, β = 90°).

b

c

Al
Mg
Co
Cr
O

Figure S4: Side view of n = 2 QL epitaxial CoCr2O4/MgAl2O4 heterostructure.

Determination of magnetic exchange constants

To determine the magnetic exchange constants (Jij) between the nearest (J1
ij), and the next-

nearest (J2
ij) magnetic sites, we calculate the total energy of numerous different collinear

magnetic configurations, and then project the DFT obtained total energies to a classical

Heisenberg model,

E =
∑
i,j

J1
ij
~Si · ~Sj +

∑
i′,j′

J2
ij
~Si · ~Sj . (11)
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Here, i, j indices refer to the nearest A (Co) and B (Cr) sublattices, whereas i′, j′ indices

refer to the next-nearest A and B sublattices. In order to get the next-neighbour magnetic

exchange terms in bulk, we used a doubled unit cell. However, no such doubling of unit

cell was required for n = 2 QL CoCr2O4/MgAl2O4 heterostructure. The obtained values of

magnetic exchange constants are listed in Table S2. Since J1
AA is the weakest exchange at

the first order in bulk CoCr2O4 (corresponding Co-Co bond length = 3.66Å), we consider

the J2
AA to be negligible due to the large Co-Co bond length (∼6.0Å) for the next neighbour

Co-Co interactions.

Table S2: The nearest (J1
ij), and the next-nearest (J2

ij) magnetic exchange constants (in
meV units) obtained using PBE+U for bulk CoCr2O4, and n = 2 QL CoCr2O4/MgAl2O4

heterostructure. The positive values denote antiferromagnetic (AFM) exchange interactions,
whereas negative values denote ferromagnetic (FM) exchange interactions. The relative
strength of each exchange interaction with respect to the most dominant J1

AB is shown in
the last two columns.

bulk n = 2 JNij /J
1
AB

(bulk)
JNij /J

1
AB

(n = 2)
J1
AB 4.85 12.3 1 1
J1
BB 2.10 6.35 0.43 0.52
J1
AA 0.70 4.16 0.14 0.34
J2
AB -0.61 -1.03 -0.13 -0.08
J2
BB -0.04 -0.55 -0.01 -0.04

The obtained values of the nearest exchange interaction J1
ij for bulk CoCr2O4 are in good

agreement with the previous studies.22,23,25,26 In bulk, J1
AB is the leading exchange interaction

which establishes the Néel type magnetic order in the system. Whereas, the subsequent J1
BB

and J1
AA terms yield magnetic frustration at the A and B sites, respectively. A competition

between J1
AB and J1

BB renders the spiral magnetic ordering in the bulk magnetic spinels.

However, we note that the next-neighbor exchange interaction terms J2
ij are FM in nature,

therefore, the presence of the J2
ij terms helps to counterbalance the magnetic frustration

arising due to the AFM J1
ij. Thus, a clear magnetic order establishes in the bulk system.

In bulk CoCr2O4, our calculations reveal that J2
AB is the most dominating exchange arising
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from the next-nearest interactions, which is being followed by J2
BB .

Comparing the strength of exchange terms in bulk and n = 2 cases, we notice a con-

siderably large increase in the magnitude of J1
ij and J2

ij. In particular, J1
AA increases by an

order in magnitude. This is likely due to the fact that the overlap of atomic orbitals yielding

magnetic exchanges changes when CoCr2O4 is confined between two nonmagnetic spacer

layers. Major changes occur to the top Co layer at the CoCr2O4 and MgAl2O4 interface.

As a result J1
AA undergoes the maximum variation in a Co-terminated CoCr2O4 slab. Strik-

ingly, the relative strength of J1
AA (J1

AA/J1
AB) markedly increases from 0.14 to 0.34, whereas

that of J2
AB (J2

AB/J1
AB) decreases from 0.13 to 0.08. The same effect of enhanced magnetic

frustration is generated from those two variations, which yields a Yafet-Kittel type magnetic

ordering in the quasi-two dimensions.
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