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Quantum magnetism of ferromagnetic spin dimers in α-KVOPO4
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Magnetism of the spin- 1
2 α-KVOPO4 is studied by thermodynamic measurements, 31P nuclear magnetic

resonance, neutron diffraction, and density-functional band-structure calculations. Ferromagnetic Curie-Weiss
temperature of θCW � 15.9 K and the saturation field of μ0Hs � 11.3 T suggest the predominant ferromagnetic
coupling augmented by a weaker antiferromagnetic exchange that leads to a short-range order below 5 K and
the long-range antiferromagnetic order below TN � 2.7 K in zero field. Magnetic structure with the propagation
vector k = (0, 1

2 , 0) and the ordered magnetic moment of 0.58 μB at 1.5 K exposes a nontrivial spin lattice
where strong ferromagnetic dimers are coupled antiferromagnetically. The reduction in the ordered magnetic
moment with respect to the classical value (1 μB) indicates sizable quantum fluctuations in this setting, despite
the predominance of ferromagnetic exchange. We interpret this tendency toward ferromagnetism as arising from
the effective orbital order in the folded chains of the VO6 octahedra.

DOI: 10.1103/PhysRevB.104.224409

I. INTRODUCTION

Anderson’s superexchange theory [1] requires that in-
teractions in 3d magnetic insulators are predominantly
antiferromagnetic (AFM) in nature. Ferromagnetic (FM) in-
teractions are only possible when magnetic ions are close
apart and, for example, form 90◦ pathways in the vein of
Goodenough-Kanamori rules [1], but in this case equally
strong AFM interactions will typically occur between more
distant atoms, unless special conditions such as charge order
[2,3] or orbital order [4,5] are met. In contrast to dozens
of well-documented material candidates for quantum AFM
spin- 1

2 chains, only a handful of FM spin-chain compounds
have been reported [6,7]. This disparity is, in fact, not unde-
sirable because spin- 1

2 antiferromagnets show much stronger
quantum fluctuations [8,9] than in the ferromagnetic case.

Here, we introduce a material that remarkably departs from
this general paradigm. Featuring V4+ as the magnetic ion,
α-KVOPO4 is dominated by short-range FM interactions. It
further reveals an antiferromagnetically ordered ground state
caused by residual AFM long-range interactions, wherein
more than 30% reduction in the respective ordered magnetic
moment signals strong quantum fluctuations that are not ex-
pected in weakly coupled FM units, such as spin- 1

2 FM chains

*These authors contributed equally to this work.
†altsirlin@gmail.com
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in Li2CuO2 where the ordered moment is 1.0 μB within the
experimental uncertainty [10].

α-KVOPO4 belongs to the group of vanadyl compounds
with the general formulas AVOXO4 and AVXO4F, where
X = P or As, and A is a monovalent cation. The common
crystallographic feature of this family is the presence of struc-
tural chains of the VO6 octahedra linked by corner-sharing.
The tetrahedral XO4 groups connect the chains into a three-
dimensional network, yet leaving large channels for the A+
ions that remain sufficiently mobile, especially at elevated
temperatures. This feature triggered interest in AVOXO4 as
potential battery materials [11–13], whereas concurrent mag-
netism studies have also led to very encouraging results.

From the magnetism perspective, the crucial feature of
AVOXO4 is that their structural chains are not the direction
of predominant magnetic interactions, even though the intra-
chain V–V distances are much shorter than the interchain ones
[14,15]. It has been shown that monoclinic NaVOXO4 [16,17]
and AgVOAsO4 [14,18], as well as triclinic ε-LiVOPO4 [19],
all adopt an intriguing pattern of crossed bond-alternating spin
chains, which are perpendicular to the structural chains. These
compounds reveal a field-induced quantum phase transition
and an unusual double-dome regime of Bose-Einstein conden-
sation (BEC) of magnons in high magnetic fields [15].

In the following, we report a comprehensive study of
α-KVOPO4 [20,21], which was so far not on the radar of mag-
netism studies. It is compositionally similar but structurally
different (structure: orthorhombic, space group: Pna21) from
the AVOXO4 compounds with A = Li, Na, and Ag. The
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FIG. 1. (a) Crystal structure of α-KVOPO4 features chains of
VO6 octahedra arranged along the [011] direction. (b) Each chain is
folded and shows a nearly orthogonal configuration of the magnetic
V dxy orbitals because of the different directions of the local z-axes
(short V–O bonds), which are denoted with the gray arrows. VESTA

software [22] was used for crystal structure visualization.

larger K+ ion stabilizes the noncentrosymmetric KTiOPO4-
type variety of the crystal structure, where chains of the VO6

octahedra are folded and comprise two nonequivalent vana-
dium sites, V1 and V2 (Fig. 1). This structural modification
has drastic repercussions for the magnetism. Whereas other
compounds of the family are AFM in nature, α-KVOPO4

is dominated by a FM interaction, yet it shows prominent
quantum effects revealed by the reduced ordered magnetic
moment.

II. METHODS

Polycrystalline sample of α-KVOPO4 was synthesized
by a solid-state reaction from the stoichiometric mixture of
KPO3 and V2O4 (Aldrich, 99.995%). The KPO3 precursor
was obtained by heating KH2PO4 (Aldrich, 99.995%) for
5 h at 300◦ C in air. The reactants were ground thoroughly,
pelletized, and fired at 550◦ C for 48 h in flowing argon
atmosphere with intermediate grindings. The phase purity of
the sample was confirmed by powder x-ray diffraction (XRD)
measurement at room temperature using a PANalytical pow-
der diffractometer (CuKα radiation, λavg � 1.5418 Å).

Figure 2 shows the powder XRD pattern at room tem-
perature. Rietveld refinement of the acquired XRD data was
performed using the FULLPROF software package [23]. The
initial structure parameters were taken from Ref. [21]. All
the peaks could be fitted using the pseudo-Voigt function. The
best fit was obtained with a goodness of fit χ2 � 3.4. The ob-
tained lattice parameters [a = 12.7612(2) Å, b = 6.3658(2)
Å, c = 10.5052(1) Å, and Vcell = 853.40(4) Å3] are in close
agreement with the previous report [21].

Magnetization (M) was measured as a function of temper-
ature (2.1 K � T � 380 K) and magnetic field (H) using
the vibrating sample magnetometer (VSM) attachment to
the physical property measurement system [PPMS, Quantum
Design]. High-field magnetization was measured in pulsed
magnetic field at the Dresden high magnetic field laboratory
[24,25]. Specific heat (Cp) as a function of temperature was
measured down to 0.35 K using the thermal relaxation tech-

FIG. 2. Powder x-ray diffraction of α-KVOPO4 collected at T =
300 K. The solid red line denotes the Rietveld refinement fit of the
data. The Bragg peak positions are indicated by pink vertical bars
and bottom blue line indicates the difference between experimental
and calculated intensities.

nique in PPMS by varying magnetic field from 0 to 14 T. For
T � 2 K, measurements were performed using an additional
3He attachment to PPMS.

The NMR measurements were carried out using pulsed
NMR techniques on 31P (nuclear spin I = 1/2 and gy-
romagnetic ratio γN/2π = 17.235 MHz/T) nuclei in the
temperature range 1.8 K � T � 250 K. The NMR mea-
surements were done at a radio frequency of 24.76 MHz.
Spectra were obtained by sweeping the magnetic field at a
fixed frequency. The NMR shift K (T ) = 	H/H = [Href −
H (T )]/H (T ) was determined by measuring the resonance
field of the sample [H (T )] with respect to the nonmagnetic
reference H3PO4 (resonance field Href ). The 31P spin-lattice
relaxation rate 1/T1 was measured as a function of tempera-
ture using the inversion recovery method.

Neutron powder diffraction (NPD) measurements [26]
were carried out at various temperatures down to 1.5 K using
the time-of-flight diffractometer WISH at the ISIS Facility,
UK [27]. The Rietveld refinements of the NPD data were
executed using the FULLPROF software package [23].

Density-functional-theory (DFT) band-structure calcula-
tions were performed in the FPLO code [28] using Perdew-
Burke-Ernzerhof (PBE) flavor of the exchange-correlation
potential [29]. Correlation effects in the V 3d shell were
taken into account on the mean-field level (DFT + U ) with
the on-site Coulomb repulsion Ud = 3 eV, Hund’s coupling
Jd = 1 eV, and double-counting correction in the atomic limit
[30]. Exchange couplings entering the spin Hamiltonian

H =
∑
〈i j〉

Ji jSiS j, (1)

where S = 1
2 and the summation is over bonds 〈i j〉, were

obtained by a mapping procedure from the total energies of
collinear spin configurations [31,32]. Alternatively, we used
the superexchange theory of Refs. [33,34], as further ex-
plained in Sec. III E.
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FIG. 3. (a) Magnetic susceptibility χ (T ) measured in the applied
field of μ0H = 1 T. The solid line is the fit with the model of
coupled FM dimers with J1 = −150 K, J3 = 12 K, and Jb = 1.5 K
[see also Fig. 12(c) and Sec. III E]. Inset: dχ/dT vs T . (b) Inverse
susceptibility (1/χ ) as a function of temperature and the CW fit using
Eq. (2).

Quantum Monte Carlo (QMC) simulations were performed
using the LOOP [35] and DIRLOOP_SSE [36] algorithms of the
ALPS package [37] on the L × L/2 finite lattices with periodic
boundary conditions and L � 36. The spin lattice used in the
simulations is detailed in Sec. III E.

III. RESULTS

A. Magnetization

The magnetic susceptibility χ (T ) [≡ M(T )/H] measured
in an applied field of μ0H = 1 T is displayed in Fig. 3(a).
With decreasing temperature, χ (T ) increases in a Curie-Weiss
(CW) manner, as expected in the high-temperature regime,
and then passes through a broad maximum at T max

χ � 5 K,
indicative of an AFM short-range order. These features are
independent of the applied field. A small kink at TN � 2.7 K
indicates the magnetic ordering transition, which is more pro-
nounced in the (dχ/dT ) versus T plot shown in the inset [38].
In contrast to the other AVOXO4 compounds with the promi-
nent Curie tail below 5–10 K [14,19], the low-temperature
susceptibility of α-KVOPO4 saturates at a constant value and
provides testimony to the high quality of the polycrystalline
sample with a negligible amount of paramagnetic impurities
and/or defects.

The χ (T ) data in the paramagnetic (PM) region were fitted
with the Curie-Weiss law

χ (T ) = C

T − θCW
, (2)

FIG. 4. Magnetization vs field measured at T = 1.5 K and the fit
with the model of coupled FM dimers (J1–J3–Jb) using the same pa-
rameters as in Fig. 3. The dotted line shows the magnetization curve
of NaVOPO4 [17] scaled to the same Hs for an easier comparison.
The inset shows dM/dH vs H . The colored arrows indicate the field
range above μ0Hs � 11.3 T where the residual curvature of M(H ) is
observed (see text for details).

where C is the Curie constant and θCW is the Curie-Weiss
temperature. The fit above 150 K [see Fig. 3(b)] returns C �
0.386 cm3K/mol and θCW � 15.9 K. The C value corresponds
to the paramagnetic effective moment of 1.756 μB, which is
similar to 1.73 μB expected for spin- 1

2 . More interestingly,
the positive Curie-Weiss temperature signals predominant FM
couplings despite the susceptibility maximum above TN and
the associated short-range AFM order, which is typical for
low-dimensional antiferromagnets.

The magnetization curve measured in pulsed magnetic
fields up to 60 T at the base temperature of 1.5 K (Fig. 4) ap-
proaches saturation around 12 T. This field defines the energy
required to overcome AFM interactions and polarize the spins.
It serves as a witness for AFM couplings that are nevertheless
weaker than the FM ones. Interestingly, the magnetization
curve is nearly linear. Its curvature is smaller than in the other
low-dimensional V4+ magnets [7,24], including the AVOXO4

compounds with A = Li, Na, and Ag [15–17]. We illustrate
this in Fig. 4 by showing the scaled magnetization curve for
NaVOPO4 as the reference for a low-dimensional V4+ antifer-
romagnet. Along with the FM Curie-Weiss temperature, the
reduced curvature of M(H ) sets α-KVOPO4 apart from other
V4+ materials with the similar composition.

Another peculiarity of α-KVOPO4 is its behavior near
saturation, where a residual curvature is observed above the
kink at μ0Hs � 11.3 T before M(H ) becomes completely flat
around 17 T (Fig. 4, inset). Similar features were reported
in BaCdVO(PO4)2 [39–41] and assigned to a spin-nematic
state expected in a strongly frustrated square-lattice antifer-
romagnet in the vicinity of saturation [42]. However, in the
α-KVOPO4 case a more trivial explanation, the distribution of
saturation fields depending on the field direction, could be an
equally plausible reason for the residual curvature above Hs.
It is also possible that a chemical inhomogeneity related to the
mobile K atoms leads to a distribution of the saturation fields.
High atomic displacement parameters of potassium [20,21]
indeed suggest a distribution of the K atoms around their
ideal sites. On the other hand, the scenario of K deficiency
can be excluded because it would change the oxidation state

224409-3



PRASHANTA K. MUKHARJEE et al. PHYSICAL REVIEW B 104, 224409 (2021)

FIG. 5. (a) Specific heat (Cp) vs T for α-KVOPO4 in zero applied
field. The dashed red line is the phonon contribution to the specific
heat (Cph) determined using Debye fit [Eq. (3)]. The solid blue
line indicates the magnetic contribution to the specific heat Cmag.
(b) Cmag/T and Smag vs T in the left and right y-axes, respectively.

of vanadium, whereas the value of the paramagnetic effective
moment suggests pure V4+ in our sample.

B. Specific heat

The specific heat (Cp) measured in zero magnetic field is
shown in Fig. 5(a). In the high-temperature region, Cp(T )
is entirely dominated by phonon excitations, whereas at
low temperatures magnetic contribution becomes prominent.
The λ-type anomaly at TN � 2.7 K confirms the magnetic
transition.

Magnetic contribution Cmag was separated by subtracting
the estimated phonon contribution (Cph) from the total mea-
sured Cp(T ). To this end, the data above 40 K were fitted by a
linear combination of four Debye functions [43,44]

Cph(T ) = 9R
4∑

n=1

cn

( T

θDn

)3 ∫ θDn
T

0

x4ex

(ex − 1)2
dx. (3)

Here, R is the universal gas constant, the coefficients cn rep-
resent the number of distinct atoms in the formula unit, and
θDn are the corresponding Debye temperatures. The resulting
Cmag and the respective magnetic entropy Smag obtained by
integrating Cmag(T )/T [Fig. 5(b)] suggest that about 75% of
the total magnetic entropy R ln 2 = 5.76 J/mol K is released
below 10 K. This value is remarkably close to 1

2 R ln 3 =
4.56 J/mol K that can be indicative of the S = 1 magnetic
units formed by pairs of ferromagnetically coupled spin-
1
2 V4+ ions, as we show below. Additional magnetic entropy

FIG. 6. Specific heat divided by temperature (Cp/T ) vs T for α-
KVOPO4 measured in different fields in the low-T regime. Inset: H
vs TN phase diagram.

beyond 1
2 R ln 3 should be released at higher temperatures, but

it is difficult to extract because the phonon term becomes
predominant.

We also followed the evolution of TN in the applied field in
Fig. 6. From the H vs TN phase diagram (inset of Fig. 6), it
is evident that the transition temperature is nearly unchanged
up to 4 T and decreases gradually in higher fields. Such a
behavior is intermediate between classical antiferromagnets,
where TN is systematically reduced by the field [45], and
low-dimensional quantum antiferromagnets, where TN ini-
tially increases and then becomes suppressed, thus leading
to a nonmonotonic phase boundary [46,47]. The absence of
such a nonmonotonic phase boundary, despite the presence of
the susceptibility maximum due to short-range order, also dis-
tinguishes α-KVOPO4 from a typical low-dimensional spin- 1

2
antiferromagnet.

C. 31P NMR

1. NMR spectra

The α-KVOPO4 structure contains two nonequivalent P
(P1 and P2) sites and both of them are coupled to the V4+ ions
in each chain. Both the P sites reside in an almost symmetric
position between the four V4+ ions connecting two (V1–V2)
dimers. 31P being a I = 1/2 nucleus, one expects a single and
narrow spectral line for each of the P sites.

Figure 7 presents the 31P NMR spectra measured at
different temperatures. We observed a single spectral line
at high temperatures, but the line shape is found to be
asymmetric, similar to that observed in Zn2VO(PO4)2 and
Sr(TiO)Cu4(PO4)4 [48,49]. The single spectral line implies
that both the P-sites are almost equivalent or have the same
local environment. Further, the asymmetric line shape is likely
due to the anisotropy in χ (T ) and/or asymmetric hyperfine
coupling between the 31P nuclei and V4+ spins. With the
decrease in temperature, the line broadens drastically with
a pronounced shoulder on the high-field side. This shoulder
becomes a peak with almost equal intensity as that of the
low-field peak. Both peaks shift as we lower the temperature.
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FIG. 7. Field-sweep 31P NMR spectra at different temperatures
(for T > TN) measured at 24.76 MHz. The vertical dashed line
corresponds to the 31P resonance frequency of the reference sample
H3PO4. The solid lines are the fits to the spectra at T = 80 K and 5 K,
taking into account one (P1) and two (P1 and P2) P sites, respectively.

This suggests that the local environment of P changes slightly
and that the two P sites experience different local fields at
low temperatures. At very low temperatures, when the system
approaches TN, the spectra broaden abruptly.

In spherical polar coordinates, the relative shift of the NMR
line in terms of the K-tensor can be written as [50]

	H

H
= Kiso + Kax(3 cos2 θ − 1) + Kaniso sin2 θ cos 2φ. (4)

Here, the anisotropic components of the NMR shift tensor are
defined as Kiso = 1

3 (Kxx + Kyy + Kzz), Kax = 1
6 (2Kzz − Kxx −

Kyy), and Kaniso = 1
2 (Kyy − Kxx). The spectra in Fig. 7 could

be fitted by Eq. (4) taking into account only one P site down
to 35 K. Below 35 K, the whole spectra could only be fitted by
accounting for the superposition of two P sites. A small dis-
crepancy between the simulated and the experimental spectra
can be attributed to the effect of partial grain reorientations
with respect to the external field and/or anisotropic spin-spin
relaxation time.

2. NMR shift

Anisotropic components of the NMR shift as a function
of T estimated by fitting each spectrum are presented in
Figs. 8(a) and 8(b) for both the P sites. With the decrease
in temperature, the isotropic NMR shift (Kiso) of both the
P sites increases in a CW manner and then shows a broad
maximum around 5 K, similar to χ (T ). Unlike bulk χ (T ),

FIG. 8. NMR shift components (Kiso, Kax, and Kaniso) for the
(a) P1 and (b) P2 sites as a function of T . K vs χ measured at 1.4 T
is plotted with temperature as an implicit parameter for (c) P1 and
(d) P2 sites. The solid lines are the linear fits as described in the text.
Inset of (a): Kiso of both the P sites are plotted as a function of T for
a comparison.

K (T ) is insensitive to free spins and defects and allows a more
reliable estimate of the intrinsic susceptibility.

The relation between K (T ) and χ (T ) is typically
written as

K (T ) = K0 + Ahf

NA
χspin(T ), (5)

where K0 is the temperature-independent chemical shift, Ahf

is the hyperfine coupling constant between the 31P nuclei
and V4+ electronic spins, and χspin(T ) is the intrinsic sus-
ceptibility. As shown in Figs. 8(c) and 8(d) the K versus
bulk χ plots are linear over the whole measured temperature
range, i.e., 3.5 K to 250 K for P1 and 3.5 K to 60 K for P2.
From the slope of the linear fits we determine [Aiso

hf (P1) �
0.39 T/μB, Aax

hf (P1) � −0.07 T/μB, and Aaniso
hf (P1) � 0.02

T/μB] and [Aiso
hf (P2) � 0.24 T/μB, Aax

hf (P2) � −0.04 T/μB,
and Aaniso

hf (P2) � −0.06 T/μB] for the P1 and P2 sites, re-
spectively. These values of Aiso

hf are comparable with the
values reported for other transition-metal phosphate com-
pounds [17,51,52].

3. Spin-lattice relaxation rate 1/T1

The local spin-spin correlations can be understood by
measuring the temperature-dependent spin-lattice relaxation
rate 1/T1, which yields information on the imaginary part of
the dynamic susceptibility χ (q, ω). The 31P 1/T1 was mea-
sured by exciting the sample at the field corresponding to the
peak/shoulder positions down to T = 2 K. As expected, the
recovery of the longitudinal magnetization follows the single-
exponential behavior, which is typical for a I = 1/2 nucleus.
The longitudinal recovery curves at various temperatures were
fitted well by the single exponential function

1

2

[
1 − M(t )

M(0)

]
= Ae−t/T1 + C. (6)
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FIG. 9. (a) Spin-lattice relaxation rate 1/T1 vs T measured at
24.96 MHz at the two shoulder positions. Solid line depicts the
linear behavior for T � 20 K. Inset: Recovery of the longitudinal
magnetization as a function of t for three different temperatures.
Solid lines are fits using Eq. (6). (b) Plot of 1/(χT1T ) vs T using
1/T1 of the low-field shoulder (P1). Inset: The low-T 1/(χT1T ) data
are magnified.

Here, M(t ) is the nuclear magnetization at a time t after the
inversion pulse, M(0) is the equilibrium magnetization, and C
is a constant. Recovery curves at three different temperatures
along with the fit are shown in the inset of Fig. 9(a).

As shown in Fig. 7, the NMR spectra are asymmetric
with two shoulders corresponding to two P sites. In view of
this, we measured 1/T1(T ) at both shoulder positions and the
data are shown in Fig. 9(a). The overall behavior of 1/T1(T )
for both the P-sites are nearly the same, except for a small
change in magnitude. With decreasing temperature, 1/T1 re-
mains constant down to 20 K due to fluctuating paramagnetic
moments [53]. With a further decrease in temperature, 1/T1

decreases in a linear manner and then exhibits a sharp peak
at TN � 2.72 K. This sharp peak at TN reflects the slowing
down of the fluctuating moments upon approaching TN. Below
TN, 1/T1 gradually decreases toward zero. It is reflected from
the χ (T ) and K (T ) data that the AFM correlations start to
grow below 25 K. As both the P sites are positioned almost
symmetrically between two FM V1–V2 dimers with opposite

FIG. 10. Temperature evolution of the neutron powder diffrac-
tion patterns of α-KVOPO4 in the low-Q regime and for temperatures
below 3.4 K. An emergence of magnetic reflections with k =
(0, 1

2 , 0) is evident below TN.

spins, the staggered (q = ±π/a) fluctuations from the V4+
spins get filtered out partially at the P-site. This leads to a
linear decrease of 1/T1 below 20 K, as the AFM correlations
are built in. Typically, similar behavior is observed in AFM
spin-1/2 chains in the temperature regime T ∼ J/kB, where
1/T1 is dominated by the uniform q = 0 fluctuations [51,54].

In Fig. 9(b), 1/(χT1T ) is plotted against T . At high
temperatures, it is almost temperature-independent and then
increases slowly below about 25 K. In the inset of Fig. 9(b),
the data near TN are magnified to highlight this slow increase.
The general expression for 1

T1T in terms of the dynamic sus-
ceptibility χM (�q, ω0) can be written as [53,55]

1

T1T
= 2γ 2

N kB

N2
A

∑
�q

|A(�q)|2 χ ′′(�q, ω0)

ω0
, (7)

where the sum is over the wave vector �q within the first Bril-
louin zone, A(�q) is the form factor of the hyperfine interaction,
and χ ′′(�q, ω0) is the imaginary part of the dynamic suscep-
tibility at the nuclear Larmor frequency ω0. For q = 0 and
ω0 = 0, the real component of χ ′(�q, ω0) represents the
uniform static susceptibility (χ ). Thus, the temperature-
independent 1/(χT1T ) in the high-temperature region
(�25 K) indicates the dominant contribution of χ to 1/T1T .
Thus, the slow increase below 25 K can be attributed to the
growth of AFM correlations.

D. Neutron diffraction

We now probe the magnetic order using neutron diffrac-
tion. Figure 10 shows that a set of magnetic reflections
develop below TN with the strongest reflections at Q =
0.6973 Å−1, 0.7757 Å−1, and 0.9189 Å−1. They can be in-
dexed with the propagation vector k = (0, 1

2 , 0) suggesting a
commensurate magnetic order.

The Rietveld refinement was done using the total diffracted
intensities at different temperatures. All the five banks of data
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FIG. 11. The neutron powder diffraction patterns along with the
Rietveld refinement for (a) T = 10 K and (b) T = 1.5 K. Open black
circles represent the experimental data, red solid line represents the
calculated curve, and difference between them is shown as a blue
solid line at the bottom. Vertical marks correspond to the position
of all allowed Bragg peaks for the nuclear (top row) and magnetic
(bottom row) reflections. The inset in (a) shows the temperature vari-
ation of ordered magnetic moment. Inset in (b) presents the Rietveld
refinement of the difference data (	T = 1.5–10 K) using only the
magnetic model.

have been refined simultaneously to obtain the final param-
eters. Figure 11(a) represents the Rietveld refinement of the
nuclear pattern at T = 10 K using the orthorhombic crys-
tal structure with the space group Pna21 [56]. The obtained
lattice parameters are a = 12.7521(3) Å, b = 6.3603(2) Å,
c = 10.4985(2) Å, and Vcell = 851.52(3) Å3. These values are
in close agreement with the refined values from the powder
XRD data at room temperature [21]. A tiny extra peak at
Q � 1.7 Å−1 corresponds to a small nonmagnetic impurity
phase of KPO3 in the polycrystalline sample.

Magnetic structure refinement was performed for the
diffraction data from the paired detector banks 2 and 9 [27]
with the average scattering angle 2θ � 58.3◦. This diffraction
pattern covers the relevant low-Q range, containing all mag-
netic reflections, with the best resolution [57]. Figure 11(b)
shows the combined Rietveld refinement of the nuclear
and magnetic reflections at T = 1.5 K. The refinement was
assisted by the symmetry analysis performed using ISODIS-
TORT [58] and ISOTROPY [59] software. The only irreducible
representation (mY1) associated with the k = (0, 1/2, 0) prop-
agation vector is two-dimensional and yields three possible
magnetic space groups: Pbc (No. 7.29), Pa21 (No. 4.10), and
PS1 (No. 1.3). They correspond to the (a, 0), (a, a), and (a, b)
order parameter directions, respectively. A solution was found
in the magnetic space group Pbc with the basis vectors (0,0,1),
(0,2,0), (−1, 0, 0) and origin at (0, 1/4, 0) with respect to

the paramagnetic Pna21 space group. Although the magnetic
space group implies four symmetry-independent V sites, in
the final refinement all sites were constrained to be collinear
and have equal magnitude of the magnetic moments to avoid
correlations and reduce the number of fitting parameters. The
magnetic moments lie in the ac-plane with μa = 0.53(5) μB

and μc = 0.23(8) μB at 1.5 K. The spin arrangement is shown
in Fig. 12 and will be discussed in detail in the next section
along with the relevant magnetic couplings.

E. Microscopic magnetic model

To analyze magnetic couplings in α-KVOPO4, we first
consider band dispersions and associated hopping parameters
in the band structure obtained on the PBE level without taking
strong correlations into account. Band structures of the V4+
compounds usually show a well-defined crystal-field splitting
imposed by the local environment of vanadium with the short
vanadyl bond toward one of the oxygen atoms. This short
bond defines the local z-direction and renders dxy the lowest-
energy, half-filled magnetic orbital. The dxy bands around the
Fermi level are typically well separated from the higher-lying
bands formed by the four remaining d-orbitals [60,61].

An inspection of the α-KVOPO4 band structure (Fig. 13)
suggests a small but important deviation from this conven-
tional scenario. The band complex between −0.2 and 0.2 eV
includes 12 bands per 8 V atoms, so it cannot be formed by
the dxy states only. An orbital-resolved density of states reveals
that these bands include the majority of the dxy contribution,
but also a significant portion of the dyz and dxz states. Their
admixture is caused by the remarkably large xy–yz and xy–xz
hoppings of 0.25–0.30 eV for the V–V pairs with the 3.412 Å
separation (J1 bond).

We now use Wannier projections to construct a five-orbital
tight-binding model that reproduces all V 3d bands, and in-
troduce the extracted hoppings into the superexchange theory
[33,34] that yields magnetic couplings as

J = 4t2
xy

Ueff
−

∑
α

4 t2
xy→α Jeff

(Ueff + 	α )(Ueff + 	α − Jeff )
, (8)

where txy are the hoppings between the half-filled (dxy) or-
bitals, txy→α are the hoppings between the half-filled and
empty orbitals, the index α goes through these empty d-
orbitals, 	α are the corresponding crystal-field splittings,
Ueff = 3 eV is the effective Coulomb repulsion, and Jeff =
1 eV is the effective Hund’s coupling. The first and second
terms of Eq. (8) stand, respectively, for the AFM (JAFM)
and FM (JFM) contributions to the exchange, as listed in
Table I.

The large xy–yz and xy–xz hoppings on the J1 bond render
the respective magnetic coupling strongly FM. This coupling
is augmented by a much weaker AFM J3, whereas all other
couplings are below 5–7 K in magnitude, either FM or AFM.
Our DFT + U mapping analysis (Table I) leads to essen-
tially similar results, with the leading FM coupling J1 and
the secondary AFM coupling J3. One immediate and rather
unexpected consequence of this analysis is that the structural
chains with the alternating V–V separations of 3.415 Å (J1)
and 3.520 Å (J2), as shown in Fig. 1(b), break into FM dimers
formed by the previous bond. On the other hand, J2 features
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FIG. 12. (a),(b) Crystal and magnetic structures of α-KVOPO4 shown in the same projection, with the K atoms omitted for clarity. The
shadings in panel (b) highlight the J2 bonds with the parallel and antiparallel spin arrangement, thus illustrating that J2 does not stabilize the
magnetic order. (c) The coupling Jb connects the J1–J3 chains into layers and causes antiferromagnetic order along b with k = (0, 1

2 , 0).

weak FM and AFM contributions that nearly compensate each
other. Indeed, the FM dimers of J1 can be clearly distinguished
in the experimental magnetic structure. In contrast, the spins
on the J2 bonds are both parallel and antiparallel [Fig. 12(b)],
thus indicating that J2 does not contribute to the stabilization
of the long-range order.

The two leading couplings, J1 and J3, form bond-
alternating spin chains with the strong FM and weak AFM
couplings [Fig. 12(b)]. Experimental magnetic structure sug-
gests that neither J2 nor J4–J6 stabilize the order between these
chains. The most likely candidate for the interchain coupling
is then Jb, which runs along the crystallographic b direction
and is also responsible for the doubling of the magnetic unit
cell [Fig. 12(c)]. Our DFT results indeed show a small Jb,
although between the V1 sites only, whereas the respective
interaction between the V2 sites should be below 0.1 K and
thus negligible. The interactions Jb couple the aforementioned
alternating spin chains into layers. Long-range magnetic order
between these layers may be caused by residual interactions,
which are too weak to be resolved in DFT, or by minute
anisotropic terms in the spin Hamiltonian.

FIG. 13. Energy bands and the corresponding density of states
(DOS) obtained from the PBE calculation for α-KVOPO4. The Fermi
level is at zero energy. Note the crystal-field splitting of the V 3d
states with the significant mixing of dxy and dyz/dxz around the Fermi
level.

While these weak interlayer interactions and/or anisotropy
require further dedicated analysis, we argue that the J1–J3–Jb

model of coupled bond-alternating spin chains reproduces
the main features of the experimental data. To this end, we
simulate thermodynamic properties by QMC and find an ex-
cellent agreement with both χ (T ) (Fig. 3) and M(H ) (Fig. 4)
using the same set of parameters: J1 = −150 K, J3 = 12 K,
Jb = 1.5 K, and g = 1.98. Further on, we estimate the zero-
temperature ordered magnetic moment μ0 by calculating the
spin structure factor S(k) for the same set of exchange pa-
rameters and using the finite-size scaling for the staggered
magnetization [62]

ms(L)2 = μ2
0 + m1

L
+ m2

L2
, (9)

where L is the size of the finite lattice and m1 and m2 are
empirical parameters. The resulting μ0 � 0.68 μB (Fig. 14)
reveals the 32% reduction compared to the classical value
of 1 μB. Experimental values of the ordered moment are
even lower and affected by thermal fluctuations because the
base temperature of our neutron diffraction measurement is
more than half of TN. From the empirical scaling, μ(T ) =
μ0[1 − (T/TN)α]β , we estimate μ

exp
0 = 0.66 μB in an excel-

lent agreement with QMC (Fig. 14, inset).

TABLE I. Interatomic V–V distances (in Å) and the correspond-
ing exchange couplings (in K) calculated using superexchange theory
[JAFM and JFM from Eq. (8)] and mapping analysis (JDFT+U ). The
V–V distances are given using the structural parameters from
Ref. [21]. The couplings not listed in this table are well below 1 K.

dV−V JAFM JFM JDFT+U

J1 3.415 V1–V2 0 −154 −149
J2 3.520 V1–V2 16 −9 −3
J3 5.622 V1–V2 34 −4 17
J4 5.731 V1–V2 1 0 −3
J5 6.138 V2–V2 4 −2 1
Jb 6.360 V1–V1 5 −4 1
J6 6.376 V2–V2 2 −3 −2

224409-8



QUANTUM MAGNETISM OF FERROMAGNETIC SPIN … PHYSICAL REVIEW B 104, 224409 (2021)

FIG. 14. Finite-size scaling of the staggered magnetization (ms)
obtained from the static structure factor calculated by QMC at β =
1/(kBT ) = 16L. The dashed line is the fit with Eq. (9). The inset
shows the experimental ordered magnetic moment (μ) as a func-
tion of temperature and its empirical extrapolation, as described in
the text.

IV. DISCUSSION AND SUMMARY

Weak FM couplings are not uncommon among the V4+
compounds. They usually take place between those ions
where magnetic dxy orbitals lie in parallel, well-separated
planes and lack a suitable superexchange pathway [14]. How-
ever, more efficient superexchange pathways are always found
for other pairs of the V4+ ions and give rise to AFM couplings
of a similar or even higher strength. α-KVOPO4 stands as an
exception in this row because its FM coupling J1 � −150 K
is by far the strongest among the known V4+ compounds and,
therefore, predominant. It arises between the dxy orbitals lying
in nonparallel, nearly orthogonal planes and can be traced
back to the effective orbital order between the two distinct
vanadium sites in the crystal structure, V1 and V2 [Fig. 1(b)].
One interesting question in this respect is why the strong
FM coupling is observed for J1 and not for J2, despite the
similar V–V distances. This difference can be traced back to
the dihedral angles ψ between the planes of the dxy orbitals
(ψ = 30.4◦ for J1 and 35.5◦ for J2) and to the additional
superexchange pathways that arise from the PO4 bridges.

As a system dominated by FM couplings, α-KVOPO4 is
not expected to show any significant quantum effects. Never-
theless, several experimental observations—the susceptibility
maximum preceding TN , and the reduction in the ordered mag-
netic moment—challenge these expectations. Our model of

weakly coupled FM dimers reproduces all significant features
of the experimental data and suggests weak AFM couplings
J3 and Jb as the origin of the quantum effects in α-KVOPO4.
The separation of energy scales into strong FM J1 = −150 K
and weak AFM J3 = 12 K further implies that at low tem-
peratures an effective description in terms of S = 1 moments
located on the J1 dimers may be appropriate. This description
is supported by the magnetic entropy of 4.3 J/mol K released
below 10 K and corresponding to 1

2 R ln 3 = 4.56 J mol K
for 0.5 S = 1 dimers per formula unit. The effective S = 1
description entails S = 1 Haldane chains formed by J3 and
coupled into layers by Jb. Such coupled S = 1 chains show a
quantum phase transition between the magnetically ordered
and gapped Haldane phases [63,64]. The proximity to this
transition may give a further clue to the reduced ordered
moment and quantum effects in α-KVOPO4.

In summary, α-KVOPO4 is an unusual spin- 1
2 magnet fea-

turing strong FM and weak AFM couplings. While the FM
couplings cause the formation of ferromagnetic spin dimers,
the AFM ones connect these dimers into layers and trigger
quantum effects. Quantum fluctuations manifest themselves
by the short-range order that appears below 5 K and precedes
the long-range order formed at TN = 2.7 K. Below TN, the
commensurate and collinear ground state features a strongly
reduced ordered magnetic moment of 0.58 μB at 1.5 K. The
unusually strong FM coupling J1 is caused by the effective
orbital order on the two crystallographically nonequivalent
vanadium sites. Overall, from the magnetism perspective
α-KVOPO4 is entirely different from its siblings, such as
NaVOPO4 with its field-induced quantum critical point [17]
and AgVOAsO4 with the double-dome regime of magnon
BEC [15]. The remarkable structural diversity of the V4+
phosphates with their different connectivities of the vanadium
polyhedra [65] suggests that further unusual regimes of mag-
netic couplings may occur in this broad family of compounds.
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