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Magnetic transitions and spin dynamics in the 3d! system K,NaCrOjg investigated
by magnetization and *Na NMR

K.-Y. Choi
Department of Physics, Chung-Ang University, 221 Huksuk-Dong, Dongjak-Gu, Seoul 156-756, Republic of Korea

S. Nellutla, A. P. Reyes, P. L. Kuhns, Y.-J Jo, and L. Balicas
National High Magnetic Field Laboratory, Tallahassee, Florida 32310, USA

H. Nojiri
Institute for Materials Research, Tohoku University, Katahira 2-1-1, Sendai 980-8577, Japan

M. Pati and N. S. Dalal
Department of Chemistry and Biochemistry, Florida State University, Tallahassee, Florida 32306, USA
and National High Magnetic Field Laboratory, Tallahassee, Florida 32310, USA
(Received 15 September 2008; published 15 December 2008)

We report pulsed magnetization and 2Na NMR studies of a quantum phase transition and its associated spin
dynamics in a 3d' system, using the alkali-metal peroxychromate K,NaCrOg. This is an example of a
Cr>*-based S=1/2 and I~ 0 material with a clearly defined Ty=1.7 K in zero applied field (H). Its magneti-
zation (M) shows a nonlinear increase with H, in contrast to a simple three-dimensional antiferromagnet, and
saturates at H-=7.4 T. This easily accessible H. allows for a detailed study by ZNa NMR of the magnetic-
field-induced quantum phase transition from the antiferromagnetically ordered to a ferromagnetically polarized
phase. The critical exponent of M(T)~ (1-T/Ty)? is 0.44+0.05 at H=5 T but shows a definitive increase to
0.53x0.05 at 6.8 T, close to H. This suggests that while the magnetic behavior of K,NaCrOyg is largely
describable by a mean-field theory, the field dependence of 8 remains unexplained.
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I. INTRODUCTION

A large experimental and theoretical effort has been de-
voted to the investigations of magnetism based on spin-1/2
transition-metal oxides due to pronounced quantum effects.!
Among inorganic materials, copper-, vanadium-, and
titanium-based oxides with one hole (Cu?*;3d°) or one elec-
tron (V*:;3d") and (Ti**;3d") in the d shell often realize
structurally well-defined spin-1/2 systems. In these com-
pounds the on-site Coulomb interaction is larger than the
width of the energy band. Thus, spin dynamics is often
closely related to charge, orbital, and lattice degrees of free-
dom. On the one hand, this leads to exotic ground states and
low-energy excitations. On the other hand, this puts an ob-
stacle in understanding spin dynamics of a simple spin-1/2
system.?3

Noticeably, the electronic structure of the Cr ion in the
rare oxidation state of 5+ (3d';S=1/2;90.5% I=0) makes it
one of the simplest magnetic systems. Chromium oxide
(CrOs) in highly basic aqueous media reacts with hydrogen
peroxide (H,0,) to yield salts known as alkali-metal peroxy-
chromates M;CrOg (M=Na*, K*, Rb", and Cs*).*® These
alkali-metal peroxychromates provide a route to achieve an
S=1/2 quantum spin system.

It is noteworthy that the Cr (5+) ion here is bonded to
four peroxide (0O,)*" ions rather than eight oxide (O)>~ ions.
Much of the peroxide ion (0,)>" is derived from the reactant
hydrogen peroxide (H,0,), as discussed in the comprehen-
sive review article by Dickman and Pope.’ The most direct
evidence for its presence comes from the x-ray diffraction
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studies of single crystals. The crystal structure of M;CrOg
shows that the four (0,)>~ ions are covalently bonded to the
central Cr>* ion forming a [Cr(O,)4]*~ unit with dodecahe-
dral geometry. Both oxygen atoms of (0,)?>~ are bonded to
the Cr ion, albeit one of the O’s is slightly closer (1.89 A) to
the Cr ion than the other O ion (1.94 A). The CrO;™ ion can
thus be thought of as a chromate ion (CrOi_), in which the
(0)?~ ions are replaced by (0,)>~ ions. The structure is held
together by these Crog_ anions and three monovalent alkali-
metal cations that balance the charge in a three-dimensional
orthorhombic lattice, as illustrated in Fig. 1(a). Since the
alkali-metal cations and the (0,)?>" are all diamagnetic, the
magnetism in the lattice originates essentially from the Cr>*
ion.>~® It is possible that the anisotropic structure and the
plausible reorientational motion of the (O,)>~ ions could play
a role in the structural changes and hence the magnetism of
the parent lattice at low temperatures. Low-temperature x-ray
and neutron-diffraction studies are needed to investigate this
aspect.

Among the peroxychromate family, K,NaCrOg is chosen
for a detailed study due to its ease of growing good single
crystals. Its ground state is given by the metal-based d> or-
bital and has a well-characterized antiferromagnetic (AF)
state at accessible temperature of 7y~ 1.7 K in zero field
(vide infra).® K,NaCrOg has an orthorhombic crystal struc-
ture (space group Pbcm) with the lattice parameters a
=8.6031 A, b=7.9792 A, and ¢=9.2520 A [see Fig. 1(a)].
In order to figure out a spin topology we considered all pos-
sible exchange paths including the combined shortest
Na/K---O distance and the largest O---Na/K---O angles,
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FIG. 1. (Color online) (a) Unit cell of the K,NaCrOg. Color
code is as follows: Blue (K), gray (Na), dark yellow (Cr), and red
(O). The dodecahedral arrangement of the peroxyligands around Cr
ions is shown by the polyhedra. (b) Distorted square lattice formed
in ab plane. The blue ball represents the Cr>* ions. The thick and
thin lines denote two different exchange interactions J; and J,,
respectively.

leading to the strongest antiferromagnetic interactions.

The Cr’* ions along the a axis are separated by 8.588 A
and interact via the exchange path Cr—0O---K---O-Cr with
two different K---O distances of 2.781 and 3.045 A. Along
the b axis there exist two different kinds of zigzag chains
with Cr---Cr distances 5.837 and 5.888 A mediated by the
exchange paths Cr—O---Na---O-Cr (Na---O distances:
2.426 and 2.363 A) and Cr-O---K:--O-Cr (K---O dis-
tances: 2.860 and 3.128 A), respectively. If only the shortest
distances between Cr ions are taken into account, the spins in
the ab plane consist of two independent distorted square lat-
tices, which are shifted along the b axis with respect to each
other [see Fig. 1(b)]. Along the ¢ axis, Cr ions interact
via alternating zigzag chains with Cr---Cr distances 6.289
and 6.336 A. The exchange paths involved are
Cr-0---Na---O-Cr (Na---O distances: 2.363 and 2.426 A
for the Cr---Cr distance of 6289 A) and
Cr-0-+-K---O-Cr (Na---O distances: 2.626 and 2.926 A
for the Cr---Cr distance of 6.336 A). These chains are per-
pendicular to the ab plane. Here, the O---K---O angle is
161° and the O---Na---O angle is 94°. In addition, Crt ions
along a diagonal direction of the unit cell are exchange
coupled by Cr—0O---K(Na)---O-Cr with O---K(Na) dis-
tance of 2.354 (2.626) A with alternating Cr---Cr distances
of 5.974 and 6.243 A, respectively. We note that the latter
two spin chains penetrate the distorted square lattices with-
out forming a three-dimensional (3D) spin network. Thus, at
zeroth level approximation, K,NaCrOg might be considered
as a quasi-two-dimensional spin system.

In this study, we report the magnetization and 2Na NMR
measurements of the mixed alkali-metal peroxychromate
K,NaCrOg as a function of temperature and external field.
The field dependence of magnetization shows the saturation
of magnetization at H-=7.4 T. NMR measurements provide
microscopic information on spin dynamics in a crossover
regime between antiferromagnetically ordered and ferromag-
netically polarized phases.

II. EXPERIMENTAL DETAILS

Single crystals of K,NaCrOg were prepared by modifica-
tion of the method of Riesenfeld.* The synthesis involves the
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reduction of Cr(VI) by 30% H,0, at 5 °C in the 1:1 molar
mixture of aqueous NaOH and KOH. dc static susceptibility
was measured on the single crystals in the temperature range
of 1.8-300 K using a superconducting quantum interference
device (SQUID) magnetometer [Quantum Design magnetic
properties measurement system (MPMS)]. Magnetization
measurements were carried out by means of a standard in-
ductive method using compensated pickup coils and a non-
destructive pulse magnet. Fast pulsed magnetic fields up to
103 T/s were generated by a capacitor bank of 90 kJ.” The
sample was immersed in liquid *He to reach temperature as
low as 0.4 K. Specific-heat measurements on single crystals
were performed by means of a Quantum Design physical
properties measurement system (PPMS) using the relaxation
technique over a temperature range of 0.34—8 K. **Na NMR
spectra and spin-lattice relaxation rate 1/7; of single crystals
were obtained using a locally developed NMR spectrometer
equipped with a *He cryostat and a high homogeneity 17 T
sweepable magnet. The resonance spectrum was obtained by
sweeping the frequency at a fixed magnetic field. 1/7; was
obtained by measuring the recovery of the spin-echo inten-
sity as a function of time after saturation of the »Na spins.

III. RESULTS AND DISCUSSION
A. EPR of K,NaCrOg and related lattices

Understanding the nature of the Cr>* unpaired electron is
important in understanding antiferromagnetic interactions
present in the M;CrOg family. Electron paramagnetic reso-
nance (EPR) is therefore the tool of choice as it provides
fundamental information about the spin ground state. From
ambient to liquid-helium temperatures, the polycrystalline
EPR spectra of M;CrOg are characteristic of a spin S=1/2
system with no hyperfine interactions.®%10 The g value is
close to the free-electron g of 2, indicating that the orbital
angular momentum is largely quenched by the crystal-field
effects. In particular, the EPR spectra of K,NaCrOg at fre-
quencies as high as 360 GHz were reported by Cage et al.'
The basic parameters obtained were the three principal g
values: g,,=1.9636, g,,=1.9696, and g,,=1.9851. The fact
that g..>g,,,g,, implies that the unpaired electron occupies
the metal’s d» atomic orbital. The g values were slightly
temperature dependent down to about 6 K, the lowest tem-
perature employed. Further measurements at lower tempera-
tures, especially around and below the phase-transition tem-
perature of 1.7 K (vide infra) are planned in the near future,
when a Dewar leading to temperatures below 1.7 K would
become available.

B. Static susceptibility, specific heat, and magnetization

Figure 2 shows the temperature dependence of the mag-
netic susceptibility, x(7) (=M/H) of K,NaCrOg measured in
an applied field of 0.2 T. x(7) exhibits a broad maximum
around 2.39 K, indicative of development of short-range
magnetic interactions. The bulk susceptibility data above 7 K
are analyzed using the Curie-Weiss law,
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FIG. 2. Temperature dependence of static susceptibility in an
applied field of H=0.2 T for Hllc axis. The open squares in the
inset represent the temperature dependence of the inverse suscepti-
bility. The solid line is a fit to the Curie-Weiss law. See the text for
details.

Cmol ( 1 )

Xew(T) = xo + T-0)

The first term Y, is the temperature-independent contribution
arising from the diamagnetism of the core electron shells and
the Van Vleck paramagnetism of the open shells of the Cr>*
ions. The second term is the Curie-Weiss contribution. Here
Cpol 18 the molar Curie constant and ® is the Curie-Weiss
temperature. A fit to the Curie-Weiss law is shown in the
inset, which yields C,, as 0.384 mol™' K and as
—2.54 K. The negative value of © indicates dominant anti-
ferromagnetic interactions between Cr>* ions. The effective
magnetic moment is thus given by u.4= \r3kBCm01/N,ulz3
=1.75pup, which is close to the spin only value of
gVS(S+1)up=1.71up for Cr'* with a g factor of g=1.9851.%
The almost perfect quenching of orbital moments is consis-
tent with the rather weak spin-orbit coupling in this system.

Preliminary specific-heat measurements show a M\-like
anomaly at Ty~ 1.7 K, indicating a transition to a long-
range magnetic ordering (see Fig. 3). Since the Curie-Weiss
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FIG. 3. Specific heat of K,NaCrOg between 0.4 and 8 K in zero
applied magnetic field. The arrow indicates the Néel temperature,
Ty=1.7 K.
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FIG. 4. Field dependence of magnetization at 0.4 K measured
using a pulsed magnet. The inset shows the derivative of the mag-
netization with respect to the applied field. A nonlinear increase in
magnetization is observed.

temperature |®|=2.54 K and Ty~ 1.7 K have the same or-
der of magnitude, the magnetic behavior is largely described
by a mean-field theory. This suggests that the spin network is
more complicated than a quasi-two-dimensional lattice,
which is conjectured from the exchange paths of the shortest
separation of the Cr ions. By wusing the relation
0=-3,zJ:5(S+1)/3kg, we can relate the Curie-Weiss con-
stant to the sum of the exchange parameters J; to the ith
neighboring Cr moment. From the experimental value of
|®|=2.54 K, one obtains =;z,/;=10.16 K. Using z,=8 the
exchange parameter J; is estimated to be 1.27 K. This is
consistent with earlier works.®8

Figure 4 shows the magnetization behavior in external
fields of up to 10 T at 0.4 K. The magnetization curve ex-
hibits a nonlinear increase contrary to linear field depen-
dence expected for conventional antiferromagnets. The anti-
ferromagnetic state undergoes a transition to the field-
induced ferromagnetic phase at H-=7.4 T. The saturation
field H. is identified as a peak of field derivative of the
magnetization, dM/dH (see the inset of Fig. 4). The continu-
ously increasing convex magnetization is not due to a spin-
flop transition. Further, it is not ascribed to a field-induced
change of a magnetic structure because the NMR spectrum
does not show any additional splitting in an external field
(see below). Also, it cannot be ascribed to spin anisotropy
since the orbital angular momentum is largely quenched by
crystal-field effects (see below). Rather, it might be associ-
ated with the fact that magnetization is suppressed by re-
sidual low-dimensional spin fluctuations.

C. ®Na NMR

To investigate the spin dynamics of the Cr’* electronic
spins, we probed the *Na nuclei (/=3/2) which are coupled
to the Cr’* magnetic ions via dipole-dipole interactions. The
NMR spectra were obtained by monitoring the fast Fourier
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FIG. 5. *Na NMR spectra of a single crystal of K,NaCrOg
obtained by monitoring the FFT sum of a spin echo as a function of
temperature at two fixed fields H=6.8 T (below the saturation
field) and H=8 T (above the saturation field), respectively.

transform (FFT) sum of a spin echo as a function of the
irradiation frequency at a fixed magnetic field. Typical ex-
amples of »Na NMR spectra at H=6.8 T (below H) and
H=8 T (above H) are shown in Fig. 5. At 6.8 T and 1.06 K
three spectral lines are observed as expected from the cou-
pling of an electron with the **Na /=3/2 nuclei in a para-
magnetic system. We find no hint for a field-induced struc-
tural change. The central peak corresponds to the 1/2«
—1/2 transition while the satellite peaks to the
*3/2+ *1/2 transitions. At 6.8 T, upon cooling below
1.06 K, each peak splits and thus at the lowest measured
temperature (330 mK) six distinct overlapped peaks are ob-
served. This indicates the development of a Néel-type long-
range ordering. The separation between the main peaks and
their shoulders increases slightly with decreasing tempera-
ture and the relative intensities of the shoulders become
stronger with decreasing temperature. On the other hand, at
H=8 T, only three peaks are observed even at the very low
temperature while the NMR lines strongly shift to higher
frequency as temperature approaches zero. This is consistent
with the evolution of a spin-polarized ferromagnetic (FM)
state.

In Fig. 6 we plot the temperature dependence of the rela-
tive NMR shift with respect to the unshifted frequency f,
=vH,

K(%) = o =Jo 10, (2)
0

Here, 7y is the gyromagnetic ratio of the 2Na nuclei and Speak
is the frequency of the central line in a magnetic field of H
=35, 745, and 10.21 T, respectively. At 5 T K(T) increases
with decreasing temperature and then shows a peak at about
1.2 K. This is correlated with the transition to the Néel or-
dered state from a paramagnetic one. This is shown more
clearly in the semilogarithmic plot in the inset of Fig. 6. In
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FIG. 6. *Na shift K versus temperature at an external field (a) 5,
(b) 7.45, and (c) 10.21 T, respectively. The inset displays the re-
spective K versus T on a logarithmic temperature scale for a clearer
presentation of the low-temperature behavior.

proximity to the saturation field, K(7) continues to increase
without any obvious saturation. In the spin-polarized ferro-
magnetic state (H=10.21 T), K(T) seems to show a ten-
dency to saturate in the sub-Kelvin region.

Figure 7 displays the K versus x(7), the electronic sus-
ceptibility for H=5 T above Ty. The temperature depen-
dence of K is fitted to the equation

A
K=K0+(N )X(T), (3)

AMB

where K is the orbital shift, A is the **Na hyperfine coupling
constant, and N, is the Avogadro number. Here the zero in-

0.03

K (%)

0.01

% (10°° cm*/mole)

FIG. 7. (Color online) Relative frequency shift of the central
NMR line as a function of dc susceptibility, x(7) for H=5 T above
Ty. The solid line is the linear fit to the data according to Eq. (3).
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FIG. 8. (Color online) Temperature dependence of the splitting
at an external field of 5 and 6.8 T. The solid curve is a fit to the
scaling function M(T)~ (1-T/Ty)?, yielding 8=0.44 at H=5 T to
B=0.53 at H=6.8 T. The average value of 0.50 = 0.05 is indicative
of a 3D quantum phase transition.

tercept gives the orbital shift. The shift data fit nicely in the
temperature range 4-50 K, yielding the hyperfine coupling
constant A=0.0346 T/up. This value will be used in dis-
cussing the **Na nuclear spin-lattice relaxation rate, 1/T}
(vide infra).

Figure 8 shows the temperature dependence of the peak
separation AM, which is defined as the frequency difference
between the two split peaks of the central line in Fig. 5. This
is proportional to the magnitude of the staggered magnetiza-
tion. Thus, the dependence of AM on temperature follows a
critical behavior corresponding to a second-order transition
connected with a continuous change of the staggered magne-
tization. This is described by the scaling function M(T)
~(1=T/Ty)P, where B is a critical exponent. As the mag-
netic field increases from H=5 T to 6.8 T, the transverse
magnetic moments are reduced while the longitudinal mag-
netic moments become more and more polarized. This is
reflected in the reduction in the magnitude of the peak sepa-
ration with increasing field. The critical exponent changes
from B=0.44*+0.005 at H=5 T to B=0.53*+0.005 at H
=6.8 T. This is close to a mean-field value of 8=0.5 for a
3D quantum phase transition, suggesting that the spin dy-
namics of the studied system is largely governed by 3D in-
teractions although there is some indication of a low dimen-
sionality of spin correlations (see Fig. 4). The changing
critical exponent might be associated to the effect of magne-
toelastic coupling while approaching a quantum critical
point. In order to pin down the exact origin, a detailed mag-
netocaloric study is needed.

In order to probe the low-energy spin excitations, we in-
vestigated the “*Na nuclear spin-lattice relaxation rate 1/7,
in the temperature range 0.33-50 K at 5, 6.8, 7.45, 8, and
10.21 T. 1/T, is measured by monitoring the recovery of the
»Na nuclear magnetization after the application of a /2 rf
pulse. The central line was selectively irradiated. The recov-
ery curve of the longitudinal magnetization is fitted by a
double  exponential ~ function, M(T)=M_[1-(0.1e~"T
+0.9¢7%71)], characteristic of the central transition of /
=3/2 nuclei. In Fig. 9, we summarize the temperature de-
pendence of the spin-lattice relaxation rate. A peak in 1/7 at
1.29 K and 0.58 K for the H=5 and 6.8 T, respectively,
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FIG. 9. (Color online) (Upper panel) **Na spin-lattice relaxation
rate 1/7 on a logarithmic temperature scale at various magnetic
field of 5, 6.8, 7.45, 8, and 10.21 T, respectively. The arrows indi-
cate the transition to an antiferromagnetically ordered state. The
inset shows In(1/7;) as a function of inverse temperature at H
=10.21 T. The solid line is a fit to the function 1/7T,=C
exp(=A/T), yielding the spin gap A of 5.6 K. (Lower panel) Field
dependence of Na spin-lattice relaxation rate 1/7; on a logarith-
mic scale at 20 and 0.39 K, respectively.

reflects the phase transition from the paramagnetic state to
the antiferromagnetically ordered state. Above Ty=1.29 K
at 5T, 1/T) is largely temperature independent. On changing
the field from 5 to 10.21 T, 1/7T; decreases continuously,
consistent with the increased stiffness of spins. This feature
is typical for a spin-lattice relaxation process driven by the
spin-flips of the Cr’* paramagnetic moments. For a short
correlation time 7, namely, w7<<1, 1/T is approximated as'!

Ty = §¢A25(5+ )7, (4)

where v is the gyromagnetic ratio of the 2Na nuclei, A is the
hyperfine coupling, and S is the spin of the electronic mag-
netic moments. With y=7.0746 X107 s™' T-!, A=0.0346 T,
and 1/7,=310 s71, the correlation time of the Cr>* spins is
estimated to be 7=2.29X 107" s for H=5 T. As the field
increases from 5 T to 11 T, the correlation time (7) is gradu-
ally shortened to 3.37X 107'! s. At very low temperatures,
as the field increases, 1/7, decreases by several orders of
magnitude with decreasing temperature, indicating the for-
mation of a spin gap in the spectrum of magnon excitations
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FIG. 10. T versus H phase diagram as determined from the BNa
NMR measurements. PM, AF, and polarized FM stand for paramag-
netic, antiferromagnetic, and polarized ferromagnetic phase, respec-
tively. The solid and dashed lines are a guide for a phase boundary.

in the ferromagnetically polarized state. Ferromagnetic spin
waves show a field-dependent gap given by

App=gup(H—-H¢). (5)

With ¢g=1.9851 and H-=7.4 T, we obtain Ap=3.8 K at
H=10.21 T. The gap in the magnon spectrum can be also
extracted from the temperature dependence of 1/T;
=C exp(-A/T) with A=5.6 K. This value is larger than the
estimated one from the saturation field. Possible reasons for
the difference between them are magnetoelastic coupling and
anisotropic exchange interactions, which lead to a deviation
from the linear field dependence of the gap. In this case, the
gap extracted from the saturation field becomes less reliable.

Finally, we present the phase diagram in Fig. 10 as a
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function of a magnetic field. The AF ordering temperature is
identified by the sharp peak in 1/7,. The spin gap in the
polarized FM phase is estimated from the activation behavior
of 1/T.

IV. CONCLUSIONS

To conclude, we have presented the combined magnetiza-
tion, the specific heat, and the Na NMR measurements of
the mixed alkali-metal peroxychromate K,NaCrOg, which is
an example of a Cr>*-based S=1/2 and /~0 antiferromag-
net. At zero field, this system undergoes a transition to the
Néel ordered state at Ty~ 1.7 K. The magnetization shows
that the quantum phase transition occurs at H-=7.4 T from
the antiferromagnetically ordered to ferromagnetically polar-
ized state. ’Na NMR measurements enable us to extract the
critical exponent B=0.44+0.005 (0.53+£0.005) of M(T)
~(1=T/Ty)? for H=5 (6.8) T as well as to determine the
magnetic phase diagram. Although the magnetic behavior of
K,NaCrOg could be largely described by a mean-field model,
there are minor anomalies in the temperature and field de-
pendence of magnetization and the magnitude of spin gap in
the polarized FM state, which call for a deeper theoretical
analysis of this system. Finally, we note that this study opens
up an avenue of research since K,NaCrOyg is just the fore-
runner of this family of Cr’*-based 3d' systems, which all
might be interesting to follow up.'>"'4
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