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The magnetic phase diagram of Cr(dien)(O2)2 ·H2O (dien = C4H13N3), a quasi-2D spin-1 antifer-
romagnet known to exhibit quantum phase behavior, is reported. Specific heat, torque magnetome-
try, and magnetocalorimetry were employed to obtain the phase diagram down to 200 mK. Near the
T → 0 limit, the antiferromagnetic phase defers to a field-induced ferromagnetic phase at a critical
field, HC . Analysis of the phase boundary through fitting with (H −HC) = βTα yielded HC and
the critical exponent α of the spin system. HC and α were found to be 15.2 ±0.02 T and 2.05±0.09
respectively when H is parallel to the easy magnetic axis, and 12.4± 0.01 T and 1.91± 0.06 when
perpendicular to it. These critical exponents are indicative of an Ising-type spin system, which
was unanticipated result. Further, torque magnetometry detected a spin-flop transition of unknown
origin over a wide orientation range of nearly 70° in the ab plane. Mean field theory yielded an
estimate of the long sought-after single-ion anisotropy for this compound, D ≈ 0.25 K.

I. INTRODUCTION

The termination of a continuous phase transition line
at zero-temperature, i.e. a quantum critical point (QCP),
results in the divergence of spatial and temporal parame-
ters of quantum fluctuations that underlie quantum crit-
icality and give rise to novel phenomena [1]. Quantum
phase transitions occurring at the QCP are produced by
tuning non-thermal parameters such as pressure, chemi-
cal composition, or magnetic field. The latter is perhaps
the most convenient parameter since it is easily available
in most laboratories. Low temperature studies near a
QCP are used to investigate the dynamics of quantum
fluctuations and help elucidate the origin of behavior for
many quantum spin systems [2–10]. Since Hertz intro-
duced quantum criticality in 1976 [2], there have been nu-
merous experimental and theoretical studies on quantum
critical behavior of condensed matter, with a large por-
tion being performed on metals and atomic gases primar-
ily belonging to the Heisenberg/XY class [11–14], many
being spin dimers [15–17].

Low-dimensional antiferromagnets are attractive can-
didates for quantum criticality studies because their
QCPs can be reached by applying a magnetic field at
low temperatures. Additionally, enhanced quantum fluc-
tuations can manifest if the system consists of ions with
a small quantum spin [1]. During our search for new
low-dimensional antiferromagnets, we focused on com-
pounds that possess magnetic ions with an unusual ox-
idation state, as these sometimes exhibit novel or unex-
pected behavior, thus making them interesting systems
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for condensed matter research.

One such example is the rare oxidation state of
Cr(IV) in Cr(diethylenetriamine)(O2)2 ·H2O, (diethylen-
etriamine = C4H13N3), hereafter Cr(dien) [18–22]. The
core component of this compound has an elongated disk-
shaped geometry as depicted in fig. 1. Ramsey et al. had
found a discrepancy regarding the anticipated temper-
ature dependence of the two-dimensional antiferromag-
netic transition TN (Néel temperature) of this material
under the influence of a magnetic field, H. Specific heat
measurements showed that TN fell to lower temperatures
with increasing H from 0–6 T. However, a further in-
crease in field caused an increase in TN [20]. Generally,
one expects TN to decrease with the square of H [23],
but an anomaly at 8 T seemed to indicate that TN had
reached a minimum point before increasing again. The
source of this discrepancy was not understood, thus it
seemed to be a worthwhile endeavor to map the mag-
netic phase diagram as a function of field.

Another reason for undertaking this study was to in-
vestigate the spin-flop phenomenon in Cr(dien), which to
date remains unreported in the literature. Easy-axis an-
tiferromagnets such as this often exhibit a spin-flop tran-
sition at TSF when a magnetic field is applied parallel to
the easy axis of magnetization while the system is in the
antiferromagnetic state. This has been shown to often
cause numerous physical irregularities and comprises the
main features of spin reorientation [24–34]. A detailed
investigation of the angular dependence of the phase di-
agram seemed worthwhile, especially if the presence of a
spin-flop transition could be shown.

Cr(dien), is a mononuclear, easy-axis, quasi two-
dimensional antiferromagnetic lattice with a total spin
of S = 1 [20–22]. Furthermore, Cr(dien) is known[20] to
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FIG. 1. Molecular structure and projection down the b axis
of Cr(dien). Here green = chromium, red = oxygen, blue =
nitrogen, black = carbon, white = hydrogen.

crystallize in the monoclinic C2/c space group with lat-
tice parameters a = 12.216 Å, b = 16.545 Å, c = 10.525
Å, β = 115.531° and Z = 8, as shown in fig. 1. The
magnetic ions form a square lattice along the ac plane,
as illustrated in fig. 2. A high-temperature series expan-
sion based on the quadratic Hamiltonian in eq. (2) had
been previously used to estimate the exchange energies
from susceptibility measurements. It was found that the
ions are weakly coupled with −J/k = 2.86 K along the
a axis and 2.88 K along the c axis. The spins order an-
tiferromagnetically at TN = 2.55 K in the absence of a
magnetic-field [20].

Herein, the result of specific heat, magnetocaloric
effect, and magnetic torque experiments are used to
construct the anisotropic magnetic phase diagram of
Cr(dien) along both the b and c axes. In the T → 0 tem-
perature limit, the phase diagram is fit using the power
law:

(H −HC) = βTα (1)

Where H is the applied field, HC is the critical field
of a phase transition, T is the temperature of the phase
transition, α is the critical exponent and β is a constant
of proportionality. The determination of the critical ex-
ponent in this power law is crucial since both the spin and
spatial dimensions are vital elements of any spin model
as can be seen in the following magnetic Hamiltonian of
an interacting spin system:

H =
∑
i,j

JijSi · Sj + βeH · g · S +DzS
2
z (2)

The first sum (i, j) is representative of spin-spin in-
teractions and often restricted to nearest neighbor inter-
actions. When J < 0, interactions are considered an-
tiferromagnetic, while values of J > 0 are indicative of
ferromagnetic interactions. The second, Zeeman term
includes the externally applied magnetic field H, the
anisotropic Landé g-tensor, and the Bohr magneton βe.
The third term reflects the single-ion anisotropy Dz for
a uniaxial system. The data obtained indicate that the
saturation field of Cr(dien), i.e. the field when the anti-
ferromagnetic phase defers to a paramagnetic (also called

a field-induced ferromagnetic) phase, is strongly depen-
dent on orientation and that the spin system belongs to
the Ising class. We also show evidence of a spin-flop
transition which is observed along many magnetic field
orientations between b and c.

FIG. 2. Illustration of the magnetic network in Cr(dien), in
which the magnetic ions are weakly coupled (J1, J2) in the
ac plane. Additionally, crystal morphology is shown on the
right.

II. EXPERIMENTAL METHODS

Single crystals of Cr(dien) were synthesized using a
modified method by House and Garner [18]. Briefly, 5 g
of NaCr2O7 · 2 H2O was dissolved in 6 mL of diethylene-
triamine (C4H13N3) and 40 mL of deinonized water. The
solution was cooled in an ice bath, with the chromium
reduced through the slow addition of 30% H2O2. The
resulting solution was then allowed to evaporate at am-
bient temperature for 7 days, by which time dark brown
crystals of approximately 0.3–1 cm length formed.

Specific heat and magnetocaloric effect were measured
on single crystals of Cr(dien) using a homemade calorime-
ter, as described elsewhere [22] at the National High Mag-
netic Field Laboratory (NHMFL) in Tallahassee, FL. The
measurements were performed using a 3He/4He dilution
refrigerator in an 18 T superconducting magnet with the
magnetic field applied along b and c separately. Specific-
heat was measured between 1.5 and 3.00 K with applied
fields from 0–13.5 T. The magnetocaloric effect, i.e. the
response of the temperature or entropy of a material to
a change in the applied magnetic field, was measured
between 200 mK and 2 K with applied fields from 10–
15.5 T. Additional specific heat was measured between
1.8 and 4 K and 0–3 T using a Quantum Design Physi-
cal Property Measurement System (PPMS) that employs
the time constant method [35].

Angular dependent torque magnetometry using a
0.002-in-thick BeCu cantilever was used for additional
temperature dependent measurements between 200 and
800 mK with applied fields from 0–15.5 T. In these mea-
surements, a single crystal of Cr(dien) was placed on the
rotatable cantilever inside a homogenous magnetic field.
The sample was initially oriented with the magnetic field
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parallel to c and rotated incrementally until the applied
field was parallel to b. The torque of the sample was
measured capacitively. Field homogeneity is vital in such
measurements to ensure that the force experienced by the
cantilever arises only from the torque generated by the
sample. Under optimized conditions, this instrument can
measure torque with a sensitivity ≈ 5× 10−13 N·m.

III. RESULTS AND DISCUSSION

A. Specific Heat and Magnetocaloric Effect

The peaks observed in the specific heat (Cp) of
Cr(dien) in fig. 3 are indicative of the system’s transi-
tion from a paramagnetic (PM) state into an antiferro-
magnetic (AF) one. In order to construct the magnetic
phase diagram of Cr(dien) along the b and c axes sepa-
rately, Cp was measured up to 13.5 T. As shown in fig. 3,
the λ-like peak becomes suppressed in its height, and its
position is pushed to lower temperatures when H > 4 T.
Below 4 T in the b orientation, the transition moves to
higher temperatures as H is increased, while in the c ori-
entation there exists a cusp in the transition temperature
below 4 T. In summary, the transition temperatures were
in good agreement with previous results [20]. Due to the
suppression of the peak height at high fields, the position
of the phase transition becomes difficult to identify, an
occurrence indicating that the phase boundary between
paramagnetic and antiferromagnetic states is becoming
flat. For this reason, it is necessary to use the magne-
tocaloric effect to monitor the transition at high fields.

The magnetocaloric effect produced a peak and a dip
indicative of a phase transition when sweeping the mag-
netic field upward and downward at a fixed temperature,
respectively, as seen in fig. 4. This asymmetry is expected
for a continuous phase transition since the sample should
exhibit heating when entering the ordered phase and
cooling while leaving it. The transition field was obtained
by averaging the peak and dip positions. Afterwards,
the ordering temperatures and fields obtained from both
Cp and magnetocaloric effect measurements were used to
construct the magnetic phase diagram shown in fig. 7.

B. Torque Magnetometry and the Spin Flop
Transition

The spin-flop is a first order transition that occurs
when the magnetic moments of a system flop perpen-
dicular to the direction of the applied field in order to
achieve a thermodynamically favored state [36]. Torque
magnetometry is the ideal tool to probe for this type of
transition since the torque exerted by the sample is pro-
portional to the applied field and to the component of
the magnetic dipole moment perpendicular to the field
(τ = µ×H).

FIG. 3. Temperature dependence of the specific heat of
Cr(dien) in applied magnetic fields ranging from 0–13.5 T
along the b and c axes. The critical temperature of the tran-
sition corresponds to the peak in the Cp. The inset for the c
direction depicts a wider temperature range for the peaks at
0–3 T in order to better represent the peak signature.

Both when T < TN = 2.5 K and H = 0, Cr(dien) is
in the antiferromagnetic state. Under such conditions,
increasing H along c induces a spin-flop transition at a
critical field HSF , resulting in a sudden deflection of the
cantilever holding the crystal and in turn producing an
anomaly in the torque data. The spin flop was most evi-
dent when H ‖ c, becoming less pronounced when tilting
the sample towards the ab plane. This observation led us
to identify the c as the easy magnetic axis. As shown in
fig. 6, the transition was evident at all measured angles
except 90°, although the transition becomes difficult to
see past 70°. For this reason, it is convenient to view
the first derivative of the torque data, which helps to
better identify the transition. Specifically, the field for
each associated temperature was identified by choosing
the center of the peak-to-peak region of the derivative
curve.

In order to map the critical field and temperature of
the spin flop transition on the magnetic phase diagram,
measurements of magnetic torque were obtained with a
single crystal of Cr(dien) in a fixed position with H di-
rectly parallel to the easy c axis. As an example, the tem-
perature and field dependence of the transition between
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FIG. 4. Magnetocaloric measurements at 456 and 797 mK
taken when H ‖ b and 288 and 408 mK when H ‖ b. The
signature peak and dip are obtained by monitoring the sam-
ple temperature as a function of field and correspond with
the paramagnetic to antiferromagnetic transition. Arrows in-
dicate the field scan direction.

FIG. 5. The main figure displays the first derivative of the
magnetic torque as a function of field. During these mea-
surements H was fixed parallel to the c axis of Cr(dien) and
swept at a fixed temperature in order to probe for the spin-
flop transition; HSF showed little variation with temperature.
The inset shows the original peak at 0.25 K.

250 and 590 mK is depicted in fig. 5. It is important to
note that the magnetic field at which the transition oc-
curred showed little variance within the studied temper-
ature range of 250 mK to 2.3 K, keeping its extrapolated
0 K value of approximately 1.7 T. The magnetic torque
data was used to add the individual HSF values to the
H ‖ c phase diagram in fig. 7.

Examination of the angular dependence of HSF from
fig. 6 shows that it decreases in a somewhat linear man-
ner with respect to θ, i.e. the critical field begins to
decrease as the field is aligned closer with the ab plane.

FIG. 6. The first derivative of the magnetic torque at different
field orientations. When 0° H ‖ c, while at 90° H ‖ b. The
low field signature marks the spin-flop transition, while the
high field signature shows the transition to the paramagnetic
phase. The angular dependence of HSF is depicted on the
bottom; angles above 70° are excluded from this plot because
of the difficulty in identifying a precise value for HSF .

This stands in contrast to other studies on spin flop com-
pounds such as CaCo2As2[37] and Gd5Ge4[38], which
show a non-linear increase in HSF with respect to θ.

It seems worth noting that previous estimates have
been made regarding the maximum angle Ψ at which
HSF can be observed for uniaxial antiferromagnets.
Rohrer and Thomas found using a molecular field approx-
imation that when the anisotropic intra-sublattice ex-
change constant K = 0, Ψ = 28.6◦ ×HA/HE [39]. Here,
HE and HA respectively refer to the exchange and uniax-
ial anisotropy fields. Using this formula with the values
calculated in section III D, Ψ = 0.215/7.65× 28.6◦ ≈ 1◦,
which clearly contradicts our clear observation of the
transition up to 70° towards the ab plane. This suggests
that the Cr(dien) does not behave as a simple uniaxial
antiferromagnet and that exchange constant K may play
a greater role than was assumed, or that the classical
mean-field theory may be insufficient for explaining the
spin-flop behavior of this system. Regardless, a funda-
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mental understanding of angular dependence of HSF is
lacking, and we hope that this study will stimulate fur-
ther investigation.

C. Magnetic Phase Diagram

The magnetic phase diagram of Cr(dien) depicted in
fig. 7 clearly shows up to three different phases depend-
ing upon the orientation. Below TN , for increasing H
along c, one crosses from the antiferromagnetic over to
the spin-flop phase (AF-SF), followed by the spin-flop to
the paramagnetic phase (SF-PM). On the other hand, in-
creasing the temperature when H < HSF allows one to
cross from the antiferromagnetic to paramagnetic phase
(AF-PM). All three phases meet at a bifurcation point,
Tbif. When H ⊥ c, there is no spin-flop, and hence only
two phases and a corresponding AF-PM curve.

The magnetic properties exhibit a very strong orien-
tation dependence. Besides the spin-flop transition, it
is worth noting that the H ‖ c orientation exhibits a
higher saturation field Hsat than when H ‖ b. It seems
unlikely that the inclusion of exchange anisotropy would
make the saturation field anisotropic [40]. However, a
field-dependent single ion anisotropy term in the Hamil-
tonian, DzS

2
z , could perhaps account for the orientation

dependence of the saturation field [41]. For small fields,
this may be approximated as:

Deff(H) = Dz −
1

2
(χ⊥ − χ‖)H 2

z (3a)

= 1− H 2
z

H 2
SF

(3b)

Here, Hz refers to the magnetic field applied along the
the z axis of anisotropy. With this perspective, it can be
seen that when Hz = HSF , the Zeeman energy overcomes
the anisotropy and alows the spins to flop to the perpen-
dicular plane. Generally, Deff(H) is usually independent
of temperature [41], as D(T ) and

[
χ⊥(T )− χ‖(T )

]
often

have similar temperature dependencies, though there are
exceptions as K2MnF4, which is manifested when the
(AF-SF) curve is not completely horizontal [42]. We
would like to point out that Cr(diene) shows a slight
negative slope at low temperatures, with HSF ranging
from 1.7–1.9 T. Regardless, the introduction of the effec-
tive field-dependent anisotropy essentially allows eq. (2)
to be treated as an effective Hamiltonian such that

H =
∑
i,j

JijSi · Sj +Deff(H)S 2
z (4)

This model allows one to arrive at the well-known re-
sult that for classical spins on a square lattice, gβeHsat =
2S(4J−D) whenH ‖ z and gβeHsat = 2S(4J+D) when
H ⊥ z, where z refers to the axis of anisotropy [41, 43].
Since the saturation field is largest in the c direction, that

FIG. 7. Magnetic phase diagrams of Cr(dien) with the field
applied along the crystallographic b and c axes. As expected,
no spin-flop transition could be found on the perpendicular b
axis.

in which there is a clear spin-flop transition, it would be
necessary for D < 0, that is for us to assign a hard-axis
anisotropy onto this system. Here the hard axis should
be aligned with the crystallographic b axis. In this di-
rection, the saturation field is lower, and the spin-flop
transition is either absent or experimentally very hard to
see.

In addition to the saturation field, the introduction
of Dz term is also quite useful for describing the gen-
eral shape of the phase diagram, which has also been
used with great success for Mn(HCOO)2 · 2 H2O [44],
K2MnF4[42] and Rb2MnCl4[45]. Specifically, it much re-
sembles that of a 2D isotropic Heisenberg antiferromag-
net with a weak field-dependent anisotropy. The phase
diagram has already been extensively detailed [41, 46],
but some features are worth highlighting here. The AF
region is generally of Ising character, and the SF region
is best described as having an XY-like low temperature
phase in the SF region.

Additionally, the high-field curve (SF-PM) near T =
0 actually mimics that of a Berezinsky–Kosterlitz–
Thouless (BKT) transition because of the degeneracy of a
canted spin-flop ground state; it is important to empha-
size that the underlying BKT transition does not arise
from a classic 2D Heisenberg model, but from the XY-
type behavior instigated by the Dz term [47]. The spin
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correlation is expected to decay with a power law accord-
ing to eq. (1) with 0 < TC < TXY, TXY being the BKT
transition of a pure 2D XY system. When H ⊥Dz, the
AF region is of Ising character, and there is no SF tran-
sition; TC will slowly increase with H and only start to
bend back towards T = 0 once magnetic saturation ef-
fects become important, that is once H approaches HE .

One important difference between the experimental
phase diagram of Cr(diene) and the theoretically pre-
dicted one lies in the shape of the cusp whenH ‖ c. The-
oretically, the cusp region is expected to be much sharper
as one approaches Tbif for an axial system [41, 46]. How-
ever, interplanar antiferromagnetic interactions, repre-
sented by a Dx term in the Hamiltonian, has been shown
to theoretically soften the edges near the cusp [41]. In
this case, Tbif is essentially described as a BKT-type tran-
sition, with it’s precise value 0 < Tbif < TXY depending
upon the relative strength of the interplanar interactions.
It can also be argued that there is a random-field effect at
work here that comes from crystal defects, analagous to
what has been suggested as an impurity effect in mixed
crystals such as Fe0.725Co0.275Cl2 [48] and MnxZn1-xF2

[49].

A standard nonlinear curve fitting algorithm from ori-
gin 8.5 was used to determine the QCP, i.e. the crit-
ical field HC and the critical exponent α, the result
of which can be seen in fig. 8. Application of H ‖ c
yielded HC = 15.2 ± 0.02 T and α = 2.05 ± 0.09, while
H ‖ b yielded HC = 12.4± 0.01 T and α = 1.91± 0.06.
These critical exponents are higher than those observed
for Heisenberg/XY models and are characteristic of the
Ising universality class [50–52]. This observation shows
that care should be given with regards to classifying what
we call the SF phase. Rotating Cr(diene) from the AF
phase along b to the SF phase along c should by def-
inition bring the spins from an Ising to XY symmetry,
yet the critical exponents indicate otherwise [53]. To our
knowledge, this is the first documented case of an ex-
perimentally determined α for a S = 1 square lattice
antiferromagnetic system.

D. Estimation of D

Many attempts have been made to obtain an EPR
signal from Cr(diene) using frequencies of 9.5–400 GHz
and temperatures of 1.8–400 K, as it is the most direct
means of measuring single-ion anisotropy D, also known
as zero-field splitting. Unfortunately, no signal could be
detected, possibly due to the magnitude of D or the spin-
lattice relaxation time τ1. In order to clarify this point,
we thought it prudent to use the well-known mean field
molecular theory [23, 36] as a means of estimating D
from the extrapolated value of HSF and HC at T = 0
when H ‖ c. The equations governing this relationship
are given below:

FIG. 8. A power law fitting of select low temperature data
points taken from the magnetic phase diagram when H ‖ b
(squares, red) and c (circles, blue) axes. The additional trian-
gles are data points not used in the power-law fitting, which
starts to break down at higher temperatures. The equation
is depicted near each fit.

HSF =
√

2HEHA −H 2
A (5a)

HC = 2HE −HA (5b)

HA = 2|D|(S − 1/2)(gµB)−1 (5c)

HE = 2z|J |S(gµB)−1 (5d)

Here z the coordination number of the magnetic ion,
and J the isotropic intramolecular coupling constant.
It is assumed that the Cr(IV) ion is the sole contribu-
tor to the anisotropy field and that any J anisotropy is
negligible. From eq. (5), it can be shown that HE =(
H 2
SF +H 2

C

)
/2HC . Taking HC = 15.2 T from the

power law fit and HSF = 1.7 T, one finds HE ≈ 7.7
T, and by extension HA ≈ 0.19 T. Using the gc = 1.96
obtained from Ramsay et al. [20] and z = 4, it was
found that |D| ≈ 0.25 K and |J | ≈ 1.3 K. Here, J is in
fair agreement with what was found by Ramsey via sus-
ceptibility fitting. Additionally, the small magnitude of
D relative to nearest neighbor interactions suggest that
the single-ion anisotropy is not responsible for the EPR
silence. Rather, a long τ1 and the associated spin satura-
tion is likely the reason, as no signal could be observed,
even at low temperatures.

IV. CONCLUSIONS

We report the magnetic phase diagram of
Cr(dien)(O2)2 ·H2O and the orientation dependence of
its spin-flop transition obtained through specific heat,
torque magnetometry, and magnetocalorimetry using
temperatures down to 200 mk and applied fields from
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0–16 T. It was found for all orientations that as T → 0,
the antiferromagnetic phase defers to a PM, that is a
field-induced ferromagnetic phase at a critical field HC

according to the power law given by eq. (1). When
H is aligned with the magnetic easy axis, i.e. the
crystallographic c axis, HC and the critical exponent
α are respectively 15.2 ± 0.02 T and 2.05 ± 0.09. On
the other hand, when H is applied along the hard
axes, i.e. the b axis, the values are 12.4 ±0.01 T and
1.91 ± 0.06. Such critical exponents are indicative of an
Ising type spin system, which is quite unexpected for
a square lattice. The reason for the cusp, or deviation
from the power law type behavior visible in the phase
diagram is currently attributed to either interplanar
antiferromagnetic interactions or random-field effect
introduced by lattice defects.

Additionally, torque magnetometry measurements al-
lowed for the detection of a nearly temperature indepen-
dent spin flop transition HSF at 1.7 T along the crystal-
lographic c axis. Surprisingly this remained detectable

for nearly θ = 70° into the ab plane, with HSF decreas-
ing linearly with respect to θ. Our attempts at modeling
the unusually large range of spin-flop behavior proved
to be unsuccessful, with the origin of this observation
remaining unclear. Additionally, since the SF phase is
expected to have XY symmetry, indication of Ising crit-
icality through the α values is quite surprising. Finally,
mean field theory allowed for an estimate of the zero-field
single-ion anisotropy that remained undetectable with
EPR, D ≈ 0.25 K.
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