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Abstract

The magnetic intradimer interaction constant J0 in the spin dimer system Ba3−xSrxCr2O8 can

be tuned by varying the Sr content x. Very interestingly, this variation of J0 with x is highly

nonlinear. In the present study, we show that this peculiar behavior of J0 can be only partly

explained by the changes in the average crystal structure alone. We report on neutron powder

diffraction experiments to probe the corresponding structural details. Performing extended Hückel

tight binding calculations based on those structural details obtained at liquid helium temperatures,

we found that the change of the magnetic interaction constant can be well reproduced by taking

into account the presence of a structural transition due to the Jahn-Teller active Cr5+-ions. This

transition, lifting the orbital degeneracy and thereby the magnetic frustration in the system, is

heavily influenced by disorder in the system arising from partially exchanging Ba with Sr.
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I. INTRODUCTION

Bose-Einstein-condensation (BEC) is one of the most fascinating aspects in modern

physics. A decade ago, the field of spin dimer physics has been closely linked to this topic by

explaining several properties of certain spin dimer systems in terms of a BEC of magnetic

quasiparticles (triplons)1. The triplons, formed by dimers of magnetic ions, condense at a

low enough temperature T and above a critical magnetic field Hc(T ). Once the condensate

is formed, the triplons should show macroscopic phase coherence, a defining property of

every BEC. It has very recently been suggested that this phase coherence could be probed

in a device of two coupled spin dimer materials with different critical fields2, which would

represent a direct analogue to a Josephson junction showing the a.c.-Josephson effect. As

in superconductors and atomic BEC’s3,4, this effect is based on the existence of a phase

coherent macroscopic wave function. A successful detection of Josephson effects in spin

dimer systems would therefore be a direct proof for macroscopic phase coherence and allow

to classify the observed spin condensate as a true BEC.

As the above sketched experiment requires two spin systems with a certain difference in

the respective critical fields Hc, the fine tuning of this parameter becomes necessary. The

critical field largely depends on the intradimer magnetic interaction constant J0 between

the ions that form the spin dimers. The J0 is essentially determined by the specific (super-

)exchange path between those ions and therefore changes if the crystal structure is modified.

The spins systems Ba3Cr2O8 and Sr3Cr2O8, two candidates for a triplon BEC5–7, represent

such spin systems with a similar structure, but strongly differing magnetic interactions. For

the corresponding mixed system Ba3−xSrxCr2O8, J0 has been reported to be tunable in a

non-linear way8 by changing the Sr content x, but it was found to change in a peculiar,

non-monotonous way as a function of x which contrasts with the almost linear changes of

the lattice parameters. Up to now, this discrepancy has not been resolved.

The present work aims to give a satisfactory explanation based on a more detailed ex-

amination of changes in the crystal structure with x. It has been shown for Sr3Cr2O8 that

due to a Jahn-Teller type, temperature induced structural phase transition involving cer-

tain oxygen positions (which is present for both Ba3Cr2O8 and Sr3Cr2O8), J0 is strongly

enhanced at at low temperatures9. Using neutron powder diffraction techniques which are

more sensitive to the oxygen positions than corresponding X-ray diffraction data in the
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FIG. 1. Crystal structure of Ba3−xSrxCr2O8 at room temperature. The Cr-tetrahedron is shown in

dimer configuration on the right, the Ba1/Sr1-dodecatope is shown on the bottom and the Ba/Sr2-

decatope is shown on the top of the drawing. Large spheres:Ba/Sr, medium spheres: Cr, small

spheres: O.

presence of heavy elements such as Sr and Ba, we have investigated the crystal structure

of Ba3−xSrxCr2O8 for several values of x at room temperature and at T = 2K. Based on

the obtained lattice parameters and atomic positions, we performed extended Hückel tight

binding (EHTB) calculations to estimate J0 as a function of x.

II. EXPERIMENTAL DETAILS

Synthesis

The polycrystalline samples were prepared by standard solid state reaction schemes.

Powders of BaCO3 (99,98%, Sigma-Aldrich), SrCO3 (99,9%, Sigma-Aldrich) and Cr2O3

(99,9%, Sigma-Aldrich) were mixed according to

(3− x)BaCO3 + xSrCO3 + Cr2O3 → Ba3−xSrxCr2O8 + COn,

ground and heated in flowing Ar at 1300 ◦C. The heating was started with a linear ramp

up to 1300 ◦C in 5 h. The samples remained at this temperature for 12 h, followed by a
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linear cooling to room temperature in 8 h. The grinding at heating was repeated twice. We

prepared samples with x ∈
{

0, 1
3
, 2
3
, 1, 4

3
, 5
3
, 2, 7

3
, 8
3
, 3
}

.

A. Neutron Diffraction

The neutron powder diffraction experiments were carried out at the HRPT10 at Paul-

Scherrer-Institute (PSI, Villigen) at room temperature and at T = 2K, using λ = 1.494Å

[Ge(533)]. Scans were performed with fixed primary soller collimation (40’) and a sec-

ondary slit of (40’). The powder samples (≈ 6 g) were loaded into cylindrical vana-

dium containers of 8mm diameter (6mm for Ba 8

3

Sr 1

3

Cr2O8). The low temperature mea-

surements were performed using a He cryostat, whose contribution to the total scatter-

ing was minimized using an oscillating radial collimator. The obtained diffractograms

were analyzed using the Rietveld package emphFullProf suite (available free of charge at

http://www.ill.eu/sites/fullprof/.).

Tight binding calculations

Based on these structure data, we calculated the antiferromagnetic interaction constant

J0 using the extended Hückel tight binding method which was successfully used in the past

to estimate the interaction constants in Ba3Cr2O8
11 and Sr3Cr2O8

9. These calculations

are based on determining the orbital splittings ∆eµµ of the occupied chromium orbitals.

This splitting ∆eµµ of the µ-th considered orbital occurs when two CrO6−
4 -tetrahedra are

brought together to form a dimer (see Fig. 2) and it can be calculated directly. Based on

these splittings, J0 can be estimated as J0 = 〈(∆e)2〉
U

, where U is a repulsion potential and

〈(∆e)2〉 = 1
n

2 ∑

µ

(∆eµµ)
2 is a sum over all n occupied orbitals. Due to the degeneracy of

the 3z2 − r2- and the x2 − y2-orbital at room temperature, both orbitals have to be taken

into account when calculating 〈(∆e)2〉. At temperatures below the Jahn-Teller transition,

however, only the 3z2 − r2 orbital is occupied (see below), so that 〈(∆e)2〉 = (∆e3z2−r2)
2. A

more detailed description of the general implementation of this procedure and its limitation

to antiferromagnetical interactions can be found in12. The ETHB calculations have been

performed using the SAMOA-suite (available free of charge at http://www.primec.com/.).

The repulsion potential U depends on the chemical composition and should vary gradually
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FIG. 2. Sketch for the orbital splitting ∆e that occurs when two CrO3−
4 -tetrahedra form a dimer.

The sketch refers to the undistorted structure.

with the Sr concentration x13. Assuming a linear behavior as a function of x, U(x) = A·x+B,

we calculated J0(x) from J0 = 〈∆e〉2

A·x+B
. Values for A and B were determined by comparing

the published experimental values of J0 (from inelastic neutron scattering)14,15 with the

calculated orbital splitting for the considered compounds in the low temperature phase.

III. RESULTS AND DISCUSSION

In the neutron powder diffraction patterns obtained at room temperature, the observed

Bragg reflections could be indexed using the space group R3m for all x. From the Rietveld

refinement of the diffraction data we obtained an almost linear behavior of the lattice con-

stants a and c as a function of the Sr content, in accordance with recently reported X-ray

diffraction experiments (see Fig. 3).

Our analysis of the diffraction patterns obtained at T = 2K shows that the lattice sym-

metry is lowered for some, but not all values of x upon cooling. For chemical compositions

close to the parent compounds, i.e. for x ∈ {0, 0.33, 2.33, 3}, the lattice is better described

using the space group C2/c, that has been reported for Ba3Cr2O8 and Sr3Cr2O8, with new

diffraction peaks appearing (see Fig. 4). For the remaining samples, no superstructure peaks

could be observed. The diffraction pattern at T = 2K could be well described by the room

temperature space group R3m, indicating a suppression of the structural phase transition

for the samples with 0.33 < x < 2.33.

Where detected, the symmetry breaking is due to a horizontal displacement δs of the
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FIG. 3. Lattice constants a and c of Ba3−xSrxCr2O8 at room temperature (space group R3m). The

lattice constants are shown as a function of the Sr content x as obtained from X-ray8 and neutron

powder diffraction experiments. The error bars for the values obtained from neutron diffraction are

smaller than the size of the markers.
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FIG. 4. Additional peaks appearing in the low temperature neutron diffractograms for Sr3Cr2O8

and Ba 2

3

Sr 7

3

Cr2O8, indicating the structural phase transition.

apical oxygen in the tetrahedron surrounding the Cr5+-ions (O1 in our notation, see Figs.

1 and 6). As shown in Fig. 6, this δs is smaller for intermediate x than for the parent

compounds. By shifting O1 along the O2-O3-edge, the site symmetry of the Cr-ions (3m at

room temperature) is lost. This oxygen shift affects the electronic orbitals of the Cr-ions.
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In the case of a perfect tetrahedron, the d -orbitals are grouped into a lower lying, twofold

degenerate eg state and a higher lying, threefold degenerate tg state. When the symmetry

breaking occurs in Ba3−xSrxCr2O8, the eg state degeneracy is lifted, with a separation into a

lower lying 3z2−r2 orbital and a higher lying x2−y2 orbital. Therefore, both of the eg-states

have to be considered when calculating 〈∆e〉 in case of the space group R3m, whereas only

the 3z2 − r2 orbital has to be taken into account for C2/c.

To quantitatively examine the effect of the oxygen shift on the interaction constant J0, we

calculated the energy splitting 〈∆e〉 for the obtained crystals structures and estimated the

repulsion potential U . Unfortunately, no experimental values for J0 at room temperature

have been reported. To obtain reasonable values for U , we therefore first carried out ETHB

calculations based on the low temperature structures for x = 0 and x = 3. For the occupied

3z2−r2, our calculations calculations yielded orbital splitting energies ∆e(x = 0) = 5.6meV

and ∆e(x = 0) = 3.9meV. From these values and the reported interaction constants

JBa
0 = 2.38meV14 and JSr

0 = 5.55meV15, we obtained A = −216meV and B = 648meV.

Based on these parameters, we could estimate the value of repulsion potential U for all

examined values of x. As we assumed U to be temperature independent, the same values of

U(x) were used to calculate for J0 at low temperature and at room temperature from the

calculated splittings 〈∆e〉.

In Fig. 5, we have plotted the previously reported values of J0 as obtained from fit-

ting magnetization data M(T ) together with the results of our calculations of J0 at room

temperature and at T = 2K. These experimental J0 values are most sensitive to the low-

temperature magnetization part of the M(T ) data used for the fitting procedure. Therefore,

they are valid well below room temperature. Fig. 5 demonstrates, as expected, that the

experimental values can be well reproduced within the ETHB framework if the correspond-

ing calculations are based on the low temperature structure. By contrast, the calculated

room temperature values of J0 underestimate the experimental values for a wide range of

x. On the other hand, the experimental values and the calculations for both the room

temperature and low temperature structure almost coincide for a Sr content of x ≈ 1.33.

For this composition, our neutron diffraction experiments did not indicate any evidence for

the structural symmetry breaking that we observed for the other values of x at T = 2K.

Furthermore, combining the results of Figs. 6 and 5, suggests that a larger value of J0 seems

to be accompanied by a stronger symmetry breaking.

7



0.0 0.5 1.0 1.5 2.0 2.5 3.0
Sr content x

0

1

2

3

4

5

6

J
0
in

m
eV

calc. (RT)

calc. (2K)

exp. value

FIG. 5. Intradimer interaction constant J0 for Ba3−xSrxCr2O8 as a function of the Sr content x. The

shown data points are experimentally obtained from SQUID-measurements and estimated based

on EHTB-calculations for the crystal structure at room temperature and T = 2K, respectively.
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FIG. 6. Distance δs of the apical oxygen atom from the dimer axis as a function of the Sr content

x. The distance in the corresponding sketches is exaggerated for visual clarity.

From these results, we conclude that the Jahn-Teller distortion, which induces an orbital

ordering9,11, increases the intradimer interaction constant J0 for 0 < x < 3, as it was reported

for Sr3Cr2O8. Without this orbital ordering, the splitting 〈∆e〉 for a given x remains almost

constant for all temperatures. We predict that no (or just a minimal) distortion will be

present for stoichiometries for which the experimental value of J0 is close to the calculated

room temperature value.
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In order to find a satisfactory explanation for the suppression of the Jahn-Teller-Distortion

for intermediate values of x, which might by influenced by non-monotonous changes in the

structural parameters, we examined the oxygen surroundings of the metal ions at room

temperature in more detail. The oxygen tetrahedron around the Cr-ion is only slightly

affected by varying the stoichiometry. Neither the tetrahedron height h3 nor the edge length

M of the base triangle change significantly as a function of x (see Fig. 7). This is reflected in

the small change of the interaction constant at room temperature (see Fig. 5). This change

of J0 is mostly given by the shrinking separation of the two tetrahedra forming a dimer as

a function of x.

The Ba/Sr atoms are located at two different positions (sites Ba1 and Ba2). The respective

Wyckoff positions are 3a and 6c for R3m (4e and 8f for C2/c). The atoms located in the Ba2-

position with point site symmetry 3m are 10-fold coordinated. The height h2 of the decatope

changes linearly as a function of x (see Fig. 7). The planar oxygen hexagon surrounding the

Ba2 position is not evenly formed. Although the inner angle is always α = 120◦, the edge

M that is shared with the chromium tetrahedron is shorter than the edge N that is shared

only with the Ba1 dodecatope. The value of N decreases with increasing x until M and N

are equal for x = 3 (see Fig. 7).

The position Ba1 is twelve-fold coordinated with site symmetry 3m (see Fig. 7 a). As

stated above, the edge length N is shared with the Ba2-decatope. Both edge lengths N and

O as well as the dodecatope height h1 decrease linearly as a function of x (see Fig. 7). Based

on the bond lengths derived from the structural data, we have calculated the bond valence

sums for Ba and Sr for both positions. These calculations were performed according to16

and17 and the results are plotted in Fig. 8. For both Ba/Sr-positions the average valence is

almost equal to 2 for all x.

All oxygen polyhedra and corresponding ion valences therefore change strictly monotonously

as a function of x, again providing no obvious reason for a suppressed Jahn-Teller distortion

for intermediate values of x. The site occupancies, on the other hand, are found to be

non-monotonous (see Fig. 9 and the supplementary tables). In panel b) of Fig. 9 we have

plotted the probability for a given Ba-ion to occupy either site 1 or site 2 as a function of

the Sr content x. As site 1 has a multiplicity of 3 and site 2 has a multiplicity of 6, the

occupation probabilities should be 1
3

and 2
3
, respectively. However, the probability for a

Ba-ion to occupy site 1 increases for increasing Sr content, while that of site 2 decreases
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FIG. 7. Height and edge length of the oxygen polyhedra in Ba3−xSrxCr2O8 as functions of the Sr

content x. The sketches on the right show the definitions of the plotted parameters.

until both probabilities are ≈ 1
2
. The corresponding probabilities for a given Sr-ion change

accordingly. The different preferences of Sr and Ba for site 1 and site 2 can be understood by

examining the calculated ion valences at both sites. As the optimal valence for Ba and Sr is

2, occupying a position where the valence would deviate from this value should require addi-

tional energy. We can therefore associate an energy EBa,Sr
i ∝

∣

∣

∣
vBa,Sr
i − 2

∣

∣

∣
with valence values

νi differing from the optimal value at site i. The energy difference ∆EBa,Sr
i→j = EBa,Sr

i −EBa,Sr
j

then represents the energy gain (loss) when bringing a certain ion from site i to site j. For

a positive value of ∆EBa,Sr
i→j , site j should be preferentially occupied. In Fig. 9c, we have

plotted ∆EBa
2→1 and ∆ESr

1→2 as functions of x. As both position changes are energetically

favorable, site 1 should be preferred by Ba-ions and site 2 should be preferred by Sr ions,

exactly as our data indicate.
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FIG. 8. Calculated bond valence sums for the Cr-ions (bottom) and the Ba/Sr-ions at sites 1 (top)

and 2 (middle) in Ba3−xSrxCr2O8 at room temperature. The average is the sum of the individual

valence values weighted by the respective site occupancies.

Nevertheless, these site preferences do not directly break the site symmetry of the Cr5+-

ions, so that a Jahn-Teller distortion could still be energetically favorable. As shown in Fig.

8, the average bond valence sums for both Ba sites are 2+ for all studied compositions.

This means that the average Ba-O distance is also nearly constant for both sites. If the

mean square displacement of this average was constant, a substitution of Ba by Sr would
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FIG. 9. a): Obtained occupancy for a for the Ba atoms at sites 1 and 2. b): Obtained probability

for a given Ba-ion to occupy one of the possible atomic positions, calculated based on the values

shown in panel a). c): Energy difference ∆EBa
21

when transferring a Ba-ion from position 2 to

position 1 and the opposite for a Sr-ion. c): Probability for a given Sr-ion to occupy one of the

possible atomic positions. Dashed lines mark the probability that would be expected for completely

random distributions and considering the respective position multiplicities. Solid lines are cubic

fits to guide the eye.
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have no effect on the local symmetry of the Cr5+ ions, and in particular on the Jahn-Teller

distortion. However, due to the very different ionic radii of Ba2+ and Sr2+, we can expect

strong local deviations from the average. This is confirmed by the variation of the mean

square displacements 〈u2〉 as deduced from the structural refinement and shown in Fig. 10,

which are found to be maximum for intermediate values of x. We attribute this behavior to

an increase of the local disorder as it is common in for solid solutions. To obtain an estimate

for this disorder contribution, we have assumed that u comprises a thermal and a disorder

term, u = uT + uD, with no correlation between uT and uD. Therefore, the total mean

displacement would be 〈u2〉 = 〈u2
T 〉 + 〈u2

D〉 + 2 〈uDuT 〉 = 〈u2
T 〉 + 〈u2

D〉. We have assumed

the thermal part to be linear in x, 〈u2
T 〉 (x) = ρx + τ , and calculated the corresponding

values for ρ and τ based on 〈u2〉 for x = 0 and x = 3. We subtracted this thermal part

from the experimentally obtained displacements and plotted the resulting 〈u2
D〉 (x) in Fig.

11. We believe that it is this type of that disorder is responsible for suppressing the Jahn-

Teller induced structural phase transition. While for pure Ba3Cr2O8 and Sr3Cr2O8, all Cr-O

distances are well defined, the different distributions of Sr/Ba-ions inside the unit cell lead

to an increasing width of the distribution of Cr-O distances for intermediate values of x.

The symmetry at the Cr-site is therefore broken locally and preserved only on average. This

symmetry breaking lifts the degeneracy of the eg state by an energy difference ∆E(x). As

∆E(x) increases, the possible energy gain of the phase transition is lowered and therefore

this transition itself is gradually suppressed.

Interestingly, 〈u2
D〉 (x) is not symmetric with respect to x = 1.5, as it would be expected

for entirely random distributions, but seems to be shifted slightly to smaller values of x. This

could be due to the changing occupation probabilities for large values of x. Any deviation

from a completely random distribution, i.e. any difference between the dashed lines and the

experimental values in the corresponding panel b) of Fig. 9, would lower the total disorder

(related to the Shannon entropy in18). As the difference is stronger for larger values of x,

the observed asymmetry could indeed be induced by the changing occupation probabilities

for the different sites. However, the decreasing total Ba-concentration for large values of

x decreases the influence of the changing Ba-occupation probabilities. Our experimental

sensitivity with respect to the atomic displacements and site occupancies is, however, not

sufficient to unambiguously confirm this explanation for the observed asymmetry of 〈u2
D〉 (x).
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in Ba3−xSrxCr2O8 at room temperature as a function of the

Sr content x.

SUMMARY AND OUTLOOK

We have performed neutron powder diffraction experiments to obtain detailed structural

information about Ba3−xSrxCr2O8 for various values of x at room temperature and T =

2K. Based on these diffraction experiments, we have shown that the Jahn-Teller distortion

reported for the parent compounds is present in Ba3−xSrxCr2O8, but seems to be gradually

suppressed for intermediate values of x. We have given an explanation for this suppressed

symmetry breaking at intermediate values of x based on an increasing disorder in the system.

To test our hypothesis, experiments to directly probe the Cr-states as a function of the Sr

content x would be extremely helpful. Furthermore, DFT-calculations of the total energy

per unit cell for the two possible space groups, similar to19, could clarify whether or not
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any symmetry breaking should be present in a disorder free system with the respective

equilibrium crystal structures for intermediate values of x. We have demonstrated that

the interdimer interaction constant J0 can be calculated within the EHTB framework. We

furthermore showed that the reported, peculiar change of J0 can be explained based on the

varying strength of this Jahn-Teller distortion. The tuning of J0 with varying x as reported

here should, along with a corresponging variation of the other relevant interaction constants,

allow for a direct control of the critical fields Hc in the Ba3−xSrxCr2O8 system.
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