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The ancient chinese pigment ”Han purple”, also known as BaCuSi2O6, has stimulated
a lot of debates during the past decade [1,2,3,4,5]. The very peculiar properties of the
Bose-Einstein condensation transition observed upon applying a strong magnetic field
[2] have been thought to be a prototypical example of an exotic dimensional reduction
mechanism induced by a perfectly frustrated 3D coupling between bilayers. However,
the perfect frustration scenario was questioned in a recent theoretical work [6]. Here
we aim at giving a comprehensive overview of this material. Building on NMR [4] and
neutron scattering data [7] we theoretically address the current status of this compound
through two different quantum spin models, with and without frustration.

[1] M. Jaime et al., Phys. Rev. Lett. 93, 087203 (2004).

[2] S. E. Sebastian et al., Nature 441, 617 (2006).
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FIG. 1. (Color online) Left panel: crystal structure of the
magnetic bilayer and the relevant magnetic model with the
FM in-plane order driven by the AFM interdimer cooupling
Jabc � Jab. Green (dark) and gray (light) circles denote dif-
ferent spin directions. Right panel: di↵erent regimes of inter-
layer interactions depending on the in-plane magnetic order.
The AFM in-plane order leads to a perfect frustration (top).
The FM in-plane order lifts the frustration (bottom). Crys-
tallographic plots are done using the VESTA software [25].

system from a 3D ordering. This crucial microscopic fea-
ture underlies the idea of the dimensional reduction at
the QCP. However, the frustrated nature of J? is invali-
dated by our detailed microscopic analysis of BaCuSi2O6

reported below.

In the following, we evaluate individual magnetic cou-
plings in BaCuSi2O6 using DFT band-structure calcu-
lations performed in the FPLO [19] code. From a tight-
binding analysis of the band structure calculated on the
level of local density approximation (LDA), we obtain
hopping integrals ti that are related to AFM exchange
integrals as JAFM

i = 4t2i /Ue↵, where Ue↵ is an e↵ective
on-site Coulomb repulsion in the Cu 3d shell. Alterna-
tively, we estimate exchange couplings Ji as energy dif-
ferences between collinear FM and AFM spin configu-
rations calculated within the LSDA+U approach, where
the Hubbard U parameter accounts for electronic corre-
lation in a mean-field fashion [20]. We have cross-checked
the above FPLO results using total-energy calculations in
the VASP code [21] and the Lichtenstein exchange integral
procedure (LEIP) [22] implemented in TB-LMTO-ASA [23].
All these approaches provide the consistent microscopic
scenario of BaCuSi2O6 [24].

We start with the room-temperature I41/acd structure
of BaCuSi2O6 (Table I). Here, both ti and Ji support
the overall model of spin dimers forming the bilayers.
However, we find that the leading interdimer coupling
within the bilayer is clearly Jabc and not Jab. The upper
site of one dimer is coupled to the bottom site of the
neighboring dimer, thus leading to the FM in-plane order.
This FM order lifts the frustration of J? (Fig. 1).

The unexpected Jabc � Jab coupling regime can be ra-
tionalized by considering individual atomic orbitals that
contribute to the electron hopping and, therefore, to the
superexchange process. Fig. 2 shows Wannier functions
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FIG. 2. (Color online) Cu-based Wannier functions showing
the mechanism of the Cu–O1–O2–O3–Cu superexchange in
BaCuSi2O6.

TABLE I. Magnetic couplings in the high-temperature and
low-temperature phases of BaCuSi2O6: Cu–Cu distances d
(in Å), transfer integrals ti (in meV), and exchange integrals
Ji (in K). Note that the ti values represent AFM contribu-
tions to the exchange, according to JAFM

i = 4t2i /Ue↵, where
Ue↵ is the e↵ective on-site Coulomb repulsion. Full exchange
couplings Ji are obtained from LSDA+U with Ud = 6.5 eV,
Jd = 1 eV and the around-mean-field double-counting correc-
tion [20].

J Jab Jabc J?
d 2.75 7.08 7.59 5.77

t �93 �2 36 �5

J 53 �0.2 7.9 0.4

JA JB JA
ab JB

ab JA
abc JB

abc JA
? JB

?
d 2.70 2.78 7.04 7.04 7.54 7.57 5.73 5.72

t �88 �105 2 �10 33 38 �4 �5

J 58 68 �0.2 �0.2 7.2 8.0 0.2 0.2

based on the Cu 3dx2�y2 orbitals. Each Wannier func-
tion comprises p� contributions of four nearest-neighbor
oxygen atoms O1 and O3 (about 10 % each) and, ad-
ditionally, four smaller contributions of second-neighbor
oxygens O2 (about 0.5 % each). These second-neighbor
contributions are not unusual and largely determine the
superexchange in Cu2+ magnets [20]. In BaCuSi2O6, the
superexchange follows the Cu–O1–O2–O3–Cu pathway
and, therefore, crucially depends on the O1–O2–O3 an-
gle, which is 95.5� for Jab and 156.1� for Jabc. Therefore,
Jabc should be the leading interdimer coupling because of
the more favorable orbital overlap according to the con-
ventional Goodenough-Kanamori-Anderson rules [26].

Let us now consider the changes in the magnetic model
upon the transition to the low-temperature orthorhom-
bic Ibam structure around 100 K [14]. Here, tiny al-
terations in the mutual arrangement of the CuO4 and
SiO4 units render two neighboring bilayers inequivalent
(Fig. 3). These bilayers labeled A and B feature di↵er-
ent intradimer couplings, as seen by the inelastic neutron
scattering (INS) [13] and NMR [7]. Indeed, we find two

Figure 1: Two competing scenarios for the 3D coupling between bilayers units of
BaCuSi2O6


