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Two magnetic orderings and a spin-flop transition in spin-1 system SrNi,(PO,),
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Magnetic properties of SrNi,(POy), are investigated by means of susceptibility, magnetization, heat-
capacity, and 3P NMR measurements. Our experimental results show that SrNi,(POy,), is a three-dimensional
antiferromagnet with two magnetic orderings at ~23 and ~10 K. It is suggested that canted antiferromagnetic
ordering at ~23 K may correspond to a Néel noncollinear spin arrangements of Ni** ions, and such noncol-
linear spin arrangements further induce spin rotations into a steady collinear antiferromagnetic phase below
~10 K with decreasing temperature. Also, spin-flop transition is observed at a critical field below ~10 K,

showing magnetic anisotropy in the system.
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Compounds with a formula of AM,(VO,), (A=Ba, Sr, Pb;
M=Cu, Ni, Co, Mn) have recently attracted much interest
due to their unique structural features and rich magnetic
properties. Generally, one of their structural features is that
all magnetic M** ions are equivalent with arrays of edge-
shared MOg octahedra, forming screw chains along the ¢
axis, and the screw chains are separated by nonmagnetic
VO, (V) tetrahedra and A%* ions, resulting in a quasi-one-
dimensional (1D) structural arrangement.'-® On the other
hand, although AM,(VO,), compounds have similar crystal
structures, different magnetic behaviors are clearly found by
depending on different magnetic M** ions from Cu®* to
Mn?* ions in the systems. For example, BaCu,(VO,), exhib-
its a spin singlet ground state with a large spin gap, which is
described as an alternating spin chain or isolated spin dimer
system,””!! while SrNi,(VO,), and PbNi,(VO,), belong to
Haldane spin chain systems,>'? giving an interesting issue on
quantum critical behaviors between spin liquid and Néel or-
dered  states.!»'*  BaCo,(VO,),, SrCo,(VO,),, and
PbCo,(VO,), are Ising spin systems with large magnetic
anisotropy,!>-??> showing an interesting field-induced quan-
tum phase transition while BaMn,(VO,), is found to be
canted antiferromagnet with weak ferromagnetism.??

In our present study, we try to substitute nonmagnetic P>*
for V>* ions of AM,(VO,), and systematically investigate
the changes in the magnetic properties of AM,(PO,),. It is
found that SrCo,(PO,), is a structurally four-spin cluster sys-
tem, clearly showing the different structural and magnetic
properties in contrast to the corresponding vanadate
SrCo,V,04.2* Here, we note that SrNi,(PO,), is also one of
the family AM,(PO,),, which crystallizes in a triclinic struc-

ture of space group P1 with lattice constants of a
=5.468(1) A, b=6.667(1) A, ¢=9.156(1) A, «
=110.58(1)°, B=110.87(1)°, and y=98.01(1)°.>> As shown
in Fig. 1, magnetic Ni ions have two different crystallo-
graphic Nil and Ni2 sites, and both form dimeric [Ni,O,]
groups via edge sharing. Furthermore, such dimeric [Ni,O]
groups connect to each other via corner sharing and form a
three-dimensional (3D) framework. It is noted that structural
features of SrNi,(PQ,), are also different from those of the
corresponding vanadate SrNi,(VO,), with a screw chain
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structure built by Ni>* ions. In this paper, we first investigate
magnetic properties of SrNi,(PO,), by means of magnetic
susceptibility, magnetization, heat-capacity, and NMR mea-
surements. Our results show that SrNi,(PO,), is a typical
three-dimensional antiferromagnet with two magnetic order-
ings at ~23 and 10 K. Furthermore, a spin-flop transition is
also observed at an applied field of ~4 T.

A polycrystalline sample was synthesized by a standard
solid-state reaction method using a mixture of high-purity
reagents of SrCO; (4N), NiC,0,-2H,0 (3N), and
NH,H,PO, (3N) as the starting materials in the molar ratio
of 1:2:2. The mixture was ground carefully, homogenized
thoroughly with ethanol (99%) in an agate mortar, and then
packed into an alumina crucible and calcined at 930 °C in
air for 40 h with several intermediate grindings. Finally, the
product was pressed into pellets and sintered at 950 °C for
20 h, and then cooled to room temperature at a rate of 100
K/h. No impurity phase was observed by powder x-ray dif-
fraction (XRD) measurement using Cu K« radiation. The
structural parameters were refined by the Rietveld method
using the RIETAN-2000 program,”® being in good agreement
with those reported previously.??

Magnetic measurements were preformed using a super-
conducting quantum interference device (MPMS5S, Quan-
tum Design) magnetometer and heat capacity was measured
by a relaxation method using a commercial physical property
measurement system (PPMS) (Quantum Design). NMR ex-

FIG. 1. (Color online) Crystal structure of SrNi,(PO,), built by
Ni* ions.
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FIG. 2. (Color online) The temperature dependences of the mag-

netic susceptibility and corresponding reciprocal one of polycrystal-
line SrNiz(PO4)2.

periments were performed using a Varian 300 spectrometer,
with a constant field of 7 T. A home-built probe was em-
ployed for the low-temperature measurements.?’” The pow-
dered specimen was put in a plastic vial that showed no
observable *'P NMR signal. At higher temperatures, the >'P
NMR spectra were obtained by the Fourier transform of a
half of the spin-echo signal using a standard /2-7-7 se-
quence. On the other hand, the low-temperature spectra were
mapped out by integrating the spin-echo signals of various
excitations since the resonance lines are extremely broad-
ened.

Figure 2 shows magnetic susceptibility and corresponding
reciprocal one of polycrystalline SrNi,(PO,),. The suscepti-
bility increases with decreasing temperature while a rapid
increase is observed around ~23 K, suggesting the develop-
ment of ferromagnetic correlation. A peak is observed around
~15 K, showing the onset of antiferromagnetic (AF) order-
ing. Above 30 K, susceptibility is followed well by Curie-
Weiss  behavior, giving the Curie constant C
=2.4(1) emu K/mol and Weiss constant #=-13.1(5) K.
The effective magnetic moment (u.g) is calculated to be
3.10(4) g, which is much larger than the value of 2.82(8) ug
for S=1 with g=2. Because Ni’** ions (d®) do not have a
ground-state orbital contribution, such deviations arise likely
from mixing with excited orbitally degenerate states of the
same spin parity. Also, the negative Weiss constant shows
that the dominative interaction exchanges between Ni>* ions
are AF.

Figure 3 shows magnetization (M) as a function of ap-
plied field (H) at 2 K. A clear change in slope in the magne-
tization is observed at around 4 T, indicating field-induced
magnetic transition. This finding is clearly confirmed by a
peak of field derivative of the magnetization (dM/dH). Also,
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FIG. 3. Magnetization as a function of applied field H at 2 K.
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FIG. 4. (Color online) Low-temperature magnetization mea-
sured at different fields shown in (a) M/H vs T and (b) M vs T.

no hysteresis and remanent magnetizations are seen in zero
field and the magnetization does not saturate up to 7 T.

To identify the nature of magnetic ground state and field-
induced magnetic transition of SrNi,(PO,),, the low-
temperature susceptibilities and heat capacities are investi-
gated in various magnetic fields. As shown in Fig. 4(a), a
rapid increase in susceptibility showing the ferromagnetic
correlation appears at ~23 K under a low applied field and
then disappears completely when the applied field is larger
than 2 T. We suggest that magnetic ordering at ~23 K is
likely of canted AF type. For a canted AF system, the total
magnetization (M) below Ty can be considered as a sum of
the weak ferromagnetic term (Myyg) and the linear AF term
(xH), M=Myg+ xH, where My arises from canted spins
and yH from AF interactions. Therefore, the weak ferromag-
netic term Mg is dominative at a lower applied field H,
showing a rapid increase in susceptibilities at ~23 K, and
the linear AF term becomes gradually dominative with in-
creasing field H, leading to the disappearance of a rapid in-
crease in susceptibilities. Furthermore, no thermal hysteresis
in susceptibility around ~23 K between heating and cooling
regimes rules out the possibility of structural transition, sup-
porting the onset of canted AF ordering. Moreover, we also
note that an upturn in susceptibility below 10 K is observed
with increasing applied field. This finding is clearly con-
firmed in Fig. 4(b), showing a rapid increase in magnetiza-
tion below 10 K when applied field is larger than 4 T. The
result is in good agreement with that observed in M vs H
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FIG. 5. (Color online) Low-temperature heat-capacity data mea-
sured in different fields.
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FIG. 6. (Color online) The FWHM of the central line shape as a
function of temperature for SrNi,(PO,),. The arrows indicate the
antiferromagnetic transition temperatures. The inset shows 3p
NMR spectra of SrNi,(PO,4), measured at various temperatures.

(Fig. 3), clearly indicating the appearance of field-induced
magnetic transition.

Figure 5 shows the heat-capacity data from 50 to 5 K. A
jump is seen at around 23 K, agreeing with the temperature
of rapid increase in susceptibility. This shows the onset of
magnetic ordering at ~23 K. Although rapid increase in sus-
ceptibility disappears at the applied field larger than 2 T (Fig.
4), we note that the anomaly at ~23 K in heat capacity does
not disappear with increasing field up to 9 T. This finding
may support canted AF ordering at ~23 K. Also, a clear
N-like feature is seen at ~10 K, giving concrete evidence
for a long-range AF ordering. We note that the temperatures
of N\-like peaks do not change with increasing applied field,
showing that field-induced magnetic transition is of spin-flop
type from AF to AF phases.

To further gain concrete evidence for the existence of two
AF orderings in SrNi,(PO,),, we carried out a detailed *'P
NMR study invoking the spectrum linewidths, the NMR
shifts, as well as the spin-lattice relaxation rates on this com-
pound. The NMR linewidth provides the examination of the
magnetic ordering through the magnetic dipolar interaction.
The NMR shift is a local measurement of the susceptibility
which is less sensitive to the impurities and other phases.
The spin-lattice relaxation rate is a sensitive probe for the
low-energy spin excitations, revealing dramatic changes in
the spin dynamics for the occurrence of magnetic transitions.
Regarding the title compound SrNi,(PO,),, a transfer of
magnetic 3d spin from the nickel ions onto the phosphorus
orbital allows us to probe the Ni** spin dynamics and to
determine the magnetic nature through the transferred hyper-
fine interaction.

As seen in the inset of Fig. 6, the NMR spectra of
SrNi,(PO,), are quite broad at 4.2 K, indicative of the large
magnetic dipolar interaction at the phosphorus sites due to
the ordered Ni** moments in the AF state. To have a clear
view for the evolution of the line broadening, we display the
NMR linewidth as a function of temperature in Fig. 6. It is
apparent that the linewidth, measured as the full width at half
maximum (FWHM), enhances abruptly below 23 K and con-
tinues to increase upon further lowering temperature. This
observation is consistent with the bulk results, indicating the
first magnetic transition at around 23 K.
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FIG. 7. (Color online) Temperature dependence of the observed
3P NMR shift in SrNiy(PO,),. The inset shows the variation in K
versus x with a solid line indicating the linear relationship.

Figure 7 shows the result of temperature-dependent NMR
shift K(7) for the phosphorus site of SrNi,(PO,),. The value
of K was taken at the center of gravity of the resonance line
of the measured temperature. The reference frequency here
was referred to the *'P resonance frequency of aqueous
H;PO,. As one can see, the whole temperature variation in K
is quite consistent with the susceptibility data, showing a
maximum at around 15 K and a small upturn below 6 K. The
observed low-T upturn in K provides microscopic evidence
for the field-induced magnetic transition in SrNi,(PO,), with
an applied field of 7 T. This is consistent with the results of
magnetic data. The NMR shift here is related to the suscep-
tibility by the expression

Ahf
K(T) =

AMB

X(T),

where Ny is the Avogadro’s constant, uy is the Bohr magne-
ton, and Ay is the hyperfine coupling constant due to an
intermixing of P and Ni spin states. The observed NMR shift
against y is given in the inset of Fig. 7. The linear behavior
indicates a unique hyperfine coupling constant over the en-
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FIG. 8. (Color online) Temperature dependence of the spin-
lattice relaxation rate for StNi,(PO,),. The arrows indicate the an-
tiferromagnetic transition temperatures. The inset shows three rep-
resentative decay curves taken at 4.2, 6.8, and 77 K, respectively.
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tire temperature range that we investigated. The slope yields
a value of A;=720 G for StNi,(PO,),.

To gain more insight into the magnetic characteristics of
SrNi,(PO,),, we performed the spin-lattice relaxation rate
(1/T,) measurement, which is sensitive to the low-energy
magnetic excitations. It thus provides direct information
about the low-energy spin dynamics and the occurrence of
magnetic transitions. Here the relaxation-time 7 measure-
ment was carried out using the saturation recovery method.
The saturation of comb with 50 short 2 us pulses was em-
ployed. We recorded the intensity of the >'P spin-echo signal
of several delay times. For the nuclear spin /=1/2, the decay
of the spin-echo signal follows single exponential behavior.
Each 1/T, value was thus obtained by fitting to the single
exponential function. Three representative spin-echo decay
curves taken at 4.2, 6.8, and 77 K are given in the inset of
Fig. 8.

The temperature dependence of 1/T; for SrNi,(PO,), is
shown in Fig. 8. It is apparent that 1/7; is almost tempera-
ture independent in a wide range at high temperatures. At
low temperatures, we found two pronounced peaks in 1/7 at
around 23 and 10 K, followed by a rapid decrease below 10
K. The anomalous peaks in 1/7 clearly reflect the change in
the spin dynamics, attributed to the presence of magnetic
orderings below these two temperatures. The high-
temperature constant relaxation rate is a typical feature as the
paramagnetic moments fluctuate fast and randomly. Within a
localized spin model in a high-temperature limit,?® the value
of 1/T, at a nonmagnetic nucleus can be calculated as

1272y Ay 2SS +1)
Tl - 3(1)L ’

where w; is the correction frequency of the localized mo-
ments given by w; =kg|6|/%\zS(S+1)/6 associated with the
Weiss constant 6, and the number of the nearest-neighbor
coupling between Ni and P ions, z. Taking +,=1.083
X 108 s7! T! for the phosphorus nucleus, A,;=0.072 T, 6
=-13.2 K, z=6, and S=1 for the spin of Ni2*, the theoretical
1/T,=2x%10% s7! can be thus estimated. This calculated
value is approximately three times smaller than the experi-
mental 1/7;~6X10° s~!. The discrepancy suggests addi-
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FIG. 9. Phase diagram of SrNiy(PO), in the field

(H)-temperature (T) plane. AF, CAF, P, and SP represent antiferro-
magnetic, canted antiferromagnetic, paramagnetic, and spin-flop
transition, respectively.

tional mechanisms such as the orbital fluctuations contribut-
ing to the relaxation rate in the paramagnetic state of
SrNiy(PO,),. From the NMR results of SrNi,(PO,),, two an-
tiferromagnetic orderings have been confirmed by the pres-
ence of marked broadening in the line shape and pronounced
peaks in 1/7; near Ty’s.

In conclusion, our experimental results of susceptibility,
magnetization, heat-capacity, and *'P NMR measurements
clearly showed that the system is a 3D antiferromagnet with
two magnetic ordering at ~23 and ~10 K. As shown in the
phase diagram in the 7T-H plane (Fig. 9), StNi,(PO,), dis-
plays a Curie-Weiss behavior at higher temperature and falls
into canted AF ordering at ~23 K with lowering tempera-
ture. Therefore, weak ferromagnetism may arise from a Néel
noncollinear spin arrangements of Ni** ions. Furthermore,
such noncollinear spin arrangements may induce spin rota-
tions into a steady collinear AF phase below ~10 K with
decreasing temperature. Below 10 K (Ty), spin-flop transi-
tion can be observed at a critical field of ~4 T. In fact,
field-induced spin-flop transition may also support a collin-
ear spin arrangement at low temperature and magnetic aniso-
tropy in the system.
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