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Magnetic excitations in the spin-g antiferromagnetic trimer substance SrMn;P,04
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A quantum-mechanical 1/3 magnetization plateau and magnetic long-range order appear in the large-spin (5/2)
substance SrMn;P,0 4. Previous magnetization results suggest that the spin system consists of antiferromagnetic
trimers that are weakly coupled with one another. We inferred that the magnetization plateau originated from
discrete energy levels of the trimer. In order to confirm the discrete energy levels, we performed inelastic
neutron-scattering experiments on SrMn;P,0O;4 powders. Observed magnetic excitations are consistent with

excitations expected in the trimer model.
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I. INTRODUCTION

A quantum-mechanical nature is sometimes apparent even
in an ordered state of several low-dimensional spin systems
formed by small spins. In the triangular antiferromagnet
CsCuCl; with spin 1/2, a small jump was observed in the
magnetization curve in the magnetic field parallel to the ¢ axis.'
This jump was successfully explained as a spin-flop process
caused by quantum-mechanical effects.? In spin-gap systems
with spin 1/2 such as the spin-Peierls system in CuGeO3** and
the two-leg ladder system in SrCu,0;,>° antiferromagnetic
(AF) long-range order (LRO) appears when small amounts of
impurities were doped.”'! Nonetheless excitations originating
in the singlet-triplet gap in the pure system were observed.'?
In the spin-tetramer substance Cu,CdB,O¢ with spin 1/2, a
quantum-mechanical 1/2 magnetization plateau exists in the
ordered state.!>!4

A quantum-mechanical nature can be seen in some
spin systems formed by large spins. The famous examples
are single-molecule magnets such as [Mnj, (CH; COO)q
(H,0)40,,]-2CH3COOH 4H,0.'5-!7 Macroscopic quantum
tunneling of the magnetization was observed. Another ex-
ample is the spin-5/2 substance StMn3P40,4, which shows
a quantum-mechanical 1/3 magnetization plateau.'® The
magnetization plateau can remain even in the ordered state.
The magnetization plateau cannot be understood in a classical
picture (arrangement of ordered magnetic moments). In order
to investigate the origin of the magnetization plateau, we
measured magnetizations in the magnetic field up to 58 T."”
We could explain the magnetic field, H, and temperature, 7,
dependences of the magnetization using the spin-5/2 trimer
formed by the AF J; interaction (J; = 4.0 K) depicted as
ellipses in Fig. 1. The spin trimer has discrete energy levels
in a quantum-mechanical picture. The magnetization in the
magnetic fields of the plateau (2-10 T) cannot increase
with increasing field because of an energy gap between
the plateau state (total spin 5/2) and the higher state (total
spin 7/2).1

In order to confirm the discrete energy levels of the
AF trimer, we performed inelastic neutron scattering (INS)
experiments on SrMn3P,0O4 powders. We expected magnetic
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excitations with weak dispersion that could be observed in
constant-Q (magnitude of the scattering vector) scan spectra
and information on the Mn-Mn distance of the strongest
exchange interaction from constant-w (energy transfer) scan
spectra.?0-22

II. METHODS OF EXPERIMENTS

We synthesized single crystals of SrMn;P,O;4 under
hydrothermal conditions at 473 K.'® Each crystal was small.
We used pulverized crystals for INS measurements.

We carried out INS measurements on the cold-neutron
triple-axis spectrometer LTAS installed at JRR-3M at the Japan
Atomic Energy Agency (JAEA). The final neutron energy
was fixed at 2.6 meV. Higher-order beam contamination was
effectively eliminated using a cooled Be filter before the
sample. The horizontal collimator sequence was guide-80’-
Be-sample-120’-open. This setup yields an energy resolution
of 0.1 meV (full width at half maximum, FWHM) at an
energy transfer @ = 0 meV. The resolution was determined
from incoherent scattering of the sample. A powder sample of
about 9 g was mounted in a “He closed-cycle refrigerator.

III. RESULTS AND DISCUSSION

We performed all the INS measurements above the tran-
sition temperature. Circles in Fig. 2 show the @ dependence
of the INS intensity (constant-Q scan spectra) around 5 K.
The value of Q is the magnitude of the scattering vector.
Excitations are apparent between 0.5 and 1.5 meV. Two kinds
of excitations with different peak positions seem to overlap
each other. The spectra are almost independent of Q except for
differences in intensities. The weak Q dependence indicates
that the excitations are transitions between discrete energy
levels. We consider that the intensities in the vicinity of 0 meV
cannot be explained only by incoherent scattering because of
the T dependence of the spectra, as shown later. Low-energy
excitations exist.
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FIG. 1. (Color online) A schematic drawing of the positions
of Mn?** ions (3d°) having localized spin 5/2 in StMn3;P,O,.'8
Two crystallographically independent Mn?* sites (Mnl and Mn2)
exist. Two kinds of short Mn-Mn bonds exist and have Mn-O-
Mn paths. The Mn-Mn distances are 3.27 and 3.34 A at room
temperature. The exchange interaction parameters are respectively
defined as J; and J,. The dominant AF J; interactions form the spin
trimers indicated by the ellipses. The Hamiltonian is expressed as
H = J1(8518: + S,53). The spin trimer can account for the magnetic
field and temperature dependences of the magnetization when J, =
4.0 K. Mn-Mn distances in the other bonds are more than 4.89 A.
These bonds have no Mn-O-Mn paths.

We compared each spectrum above 0.2 meV in Fig. 2 with
a sum of two Gaussians and one Lorentzian (plus constant
backgrounds).
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Here the sum is from i = 1-2. The two Gaussians correspond
to the excitations between 0.5 and 1.5 meV. The Lorentzian
corresponds to the excitations in the vicinity of 0 meV.
Each sum of two Gaussians and one Lorentzian (solid line)
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FIG. 2. (Color online) The inelastic neutron-scattering intensity
vs energy transfer w [constant-Q (magnitude of the scattering vector)
scan spectra] of SrMn3;P,0O,4 around 5 K (circles). The solid line
represents the sum of two Gaussians and one Lorentzian (plus
constant backgrounds). The dashed lines indicate each Gaussian or
Lorentzian. The values of the parameters are given in Table I.
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reproduces well the corresponding spectrum in Fig. 2. The
obtained values of the fitting parameters are shown in Table I.
The peak position in the spectrum at Q = 1.0 A~! is 0.68 meV
or 1.02 meV. The peak width (FWHM) is 0.28 and 0.55 meV
for the 0.68 and 1.02 meV excitations, respectively. These
widths are larger than the energy resolution of 0.1 meV at
o = 0 meV, indicating the existence of weak dispersion caused
by intertrimer interactions.

The circles in Fig. 3 show constant-Q scan spectra at
Q = 1.0 A~!. The 0.68- and 1.02-meV excitations are also
seen at 11.2 K. Intensities around 0.5 meV are larger at 11.2 K
than at 5.0 K, suggesting the appearance of another transition.
Therefore, we compared the spectrum above 0.2 meV at
11.2 K with a sum of three Gaussians and one Lorentzian
(plus constant backgrounds), given in Eq. (1) withi = 1-3. To
reduce variable parameters, we assumed that the peak position
(0 meV) of the Lorentzian and the peak positions (0.68 and
1.02 meV) and widths of the two Gaussians were constant.
We used the values obtained at 5.0 K. This assumption is
reasonable for transitions between discrete energy levels. The
sum of the three Gaussians and one Lorentzian (solid line)
reproduces well the spectrum at 11.2 K. The peak position of
the third Gaussian is 0.46 meV. The peak width (FWHM) is
0.25 meV and is larger than the energy resolution of 0.1 meV
at w = 0 meV.

The spectra at 15.6 and 20.3 K shown, respectively, in
Figs. 3(b) and 3(c) resemble the spectrum at 11.2 K. Therefore,
we compared the spectrum above 0.2 meV at 15.6 K or
20.3 K with a sum of three Gaussians and one Lorentzian
(plus constant backgrounds), given in Eq. (1) with i = 1-3.
In the fitting, we assumed that the peak position of the
Lorentzian and the peak positions and widths of the three
Gaussians were constant. The sum (solid line) reproduces
well each experimental spectrum. Spectra are featureless above
30 K. We did not compare the spectra with calculated curves.
The integrated intensity between 0.5 and 1.5 meV decreases
slightly on heating. The Bose factor proportional to phonon
intensity at 0.68 meV and 20.3 K, on the other hand, is about
9 times as large as that at 0.68 meV and 5.0 K. Therefore,
the contribution of the phonon is small enough, and magnetic
excitations are dominant between 0.5 and 1.5 meV.

We examined whether the spin-5/2 AF trimer model
with J; = 4.0 K can account for the observed excitations.
Figure 4(a) depicts a schematic drawing of low-lying energy
levels.'® The following selection rules of transitions are derived
theoretically.??

AS=0,£1, AM=0,£1, AS3=0,£1. (2
Si(i = 1,2,3) is the spin operator in the trimer. S and Si3
are defined as S; + S, + S5 and S| + S3, respectively. M is
the z component of S. Arrows in Fig. 4(a) indicate allowed
transitions from the ground state (GS), first excited state (1ES),
or second excited states (2ES). In our experimental setup, we
can observe transitions with an energy difference A€ up to 8
when J; = 4.0K. Here € isdefined as E/J; (E is eigenenergy).

Figure 4(b) depicts the T dependence of the calculated
occupation ratio of the five low-lying energy levels. An
inelastic neutron-scattering intensity strongly depends on the
occupation ratio. From Fig. 4(b), we know that excitations
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TABLE 1. Values of the integrated intensity /; and FWHM of a Lorentzian or Gaussian obtained from fitting Eq. (1) to the experimental
constant-Q spectra of StMn;P,0,,. FWHM is given as 2ay for the Lorentzian and 2+/In 2a; for the Gaussian. In fitting to the spectra at Q =
1.0 A-!, the value of FWHM of each Gaussian was obtained at 5.0 or 11.2 K and was fixed in the fitting at higher T. The values in parentheses

indicate errors.

0 meV 0.68(1) meV 1.02(2) meV 0.46(5) meV
0 T FWHM FWHM FWHM FWHM
(A7 (K) Iy (meV) L (meV) I (meV) I (meV)
0.7 5.3 379(58) 0.24(8) 60(9) 0.30(3) 119(11) 0.53(5)
0.8 5.7 475(136) 0.31(10) 58(8) 0.34(4) 159(21) 0.62(10)
1.0 5.0 1091(33) 0.16(4) 52(9) 0.28(3) 172(13) 0.55(4)
1.2 5.4 1123(34) 0.16(4) 3209) 0.25(5) 190(14) 0.53(4)
1.5 5.1 968(54) 0.18(3) 31(6) 0.23(3) 177(13) 0.54(3)
1.7 5.3 795(51) 0.16(4) 36(13) 0.29(6) 157(13) 0.55(6)
1.0 5.0 1091(33) 0.16(4) 5209) 0.28(3) 172(13) 0.55(4)
11.2 562(296) 0.43(20) 36(6) 0.28 156(12) 0.55 17(12) 0.25(0.14)
15.6 515(78) 0.53(7) 31(6) 0.28 141(12) 0.55 17(11) 0.25
20.3 518(179) 0.56(16) 29(6) 0.28 117(11) 0.55 17(10) 0.25

from GS are dominant around 5 K. We considered that the
0.68- and 1.02-meV excitations correspond to transitions from
GS to 1ES and 2ES, respectively, indicated by black arrows.
The respective energy differences are 2.5J; and 3.5J;. The
value of J; is evaluated as 0.27 meV (3.2 K) or 0.29 meV
(3.4 K). These values are slightly smaller than the value deter-
mined in the magnetization results (J; = 4.0 K). Excitations
from 1ES or 2ES are also expected at 11.2 K. We considered
that the 0.46-meV excitation corresponds to the transition
from 2ES to 4ES, indicated by a black arrow. The energy
difference is 1.5J;. The value of J; is evaluated as 0.30 meV
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FIG. 3. (Color online) Constant-Q scan spectra of StMn3;P4014
at Q = 1.0 A~! (circles). The solid line represents the sum of three
Gaussians and one Lorentzian (plus constant backgrounds). The
dashed lines indicate each Gaussian or Lorentzian. The values of
the parameters are given in Table I.

(3.5 K) and is close to the values evaluated from the other two
transitions.

We examined whether we observed all the allowed tran-
sitions that are possible in our experimental setup. As was
described, we observed the three black arrow transitions.
The gray arrow transitions may exist. However, we could
not prove the existence of the gray arrow transitions. Energy
differences of some gray arrow transitions (2.5J; and 4J;) are
the same as or close to the energy differences of black arrow
transitions (2.5J; and 3.5J;). Therefore, we could not extract
the contribution of the gray arrow transitions from the exper-

8ES, &= -6.5. 8= 7/2, S,y = 4 | st
6ES, @=-7,8=1/2, 5, =2 /==

9ES, &= -6,5=5/2,5,;=3

TES, @=-7,5=9/2,8,;=5

3ES, @=-10,S=1/2, S|y = 3 | se— 4ES, @--10,8=5/2,5;=4

— 2ES, @=-11.5,5=17/2,8;;=5
[=]
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FIG. 4. (Color online) (a) A schematic drawing of low-lying
energy levels in the spin-5/2 AF linear trimer [ground state (GS)
and excited states (ESs)].!” The parameters ¢ = E/J; and S indicate
the eigenenergy and the total spin, respectively. S5 is defined in
the text. To distinguish two degenerate eigenstates with € = —10,
we name the two states 3ES and 4ES. To distinguish two degenerate
eigenstates with e = —7, we name the two states 6ES and 7ES. The
arrows indicate allowed transitions from GS, 1ES, or 2ES with an
energy difference Ae up to 8. We observed the three black arrow
transitions. The gray arrow transitions may exist. We could not detect
the white arrow transition. (b) The temperature dependence of the
calculated occupation ratio of the five low-lying energy levels when
Ji=40K.
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FIG. 5. (Color online) The temperature dependence of the in-
tegrated intensity of the 0.46-, 0.68-, and 1.02-meV excitations in
StMn;P,0 4 at Q = 1.0 A",

imental results. Energy differences of the other gray arrow
transitions are 4.5J; = 1.3 meV and 5J; = 1.4 meV when
J1 = 0.29 meV. Small INS intensities are seen around these
energies in Figs. 2 and 3. In our analyses, the small intensities
correspond to the tail of the 1.02-meV excitation. However,
the peak width is larger in the 1.02-meV excitation (FWHM =
0.55 meV) than in the 0.46-meV excitation (FWHM =
0.25 meV) or the 0.68-meV excitation (FWHM = 0.28 meV).
The gray arrow transitions may exist in the tail. We could not
detect the white arrow transition. We do not have theoretical
INS intensities. Therefore, we could not determine the reason
why we could not detect the white arrow transition. The INS
intensity of the white arrow transition may be very small.
Transitions from 3ES or higher excited states must exist at
11.2 K and higher T. However, we could not prove the
existence of these transitions because of the same reason as
for the gray arrow and white arrow transitions in Fig. 4(a).

Figure 5 shows the T' dependence of the integrated intensity
of the 0.46-, 0.68-, and 1.02-meV excitations. The integrated
intensity of the 0.46-meV excitation is nearly independent of
T . The integrated intensity of the 0.68- or 1.02-meV excitation
gradually decreases with increasing 7. As is shown in
Fig. 4(a), several transitions are expected to exist. Therefore,
the T dependence of the integrated intensity in Fig. 5 cannot
be compared directly with the occupation ratios in Fig. 4(b).

The Q dependence of the INS intensity in the AF trimer is
given in the following formula:**-2°

1(Q) = A1 f(QP[1 — sin(3.270)/(3.270)]
+A2f(Q)[1 —sin(6.540)/(6.540)].  (3)

The values 3.27 and 6.54 indicate the Mn1-Mn2 and Mn2-Mn2
lengths in the AF trimer, respectively. The function f(Q) is
the magnetic form factor of Mn?* ions.?® The coefficients
A} and A, depend on two eigenstates between which the
transition occurs. The coefficients are not derived theoretically.
Figure 6(a) represents the two terms in Eq. (3). Circles in
Figs. 6(b)— 6(d) show constant-w scan spectra of StMn3P,O 4.
The lines indicate the first term in Eq. (3) plus constant
backgrounds. The INS intensity in the vicinity of @ = 2 meV
is small and almost independent of w, Q, and T. Therefore,
we used the intensity at w = 2 meV for the value of constant
backgrounds. Each line is consistent with the corresponding
constant-w scan spectrum. If A; is much larger than A; in
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FIG. 6. (Color online) (a) The Q dependence of the calculated
INS intensity in the spin-5/2 AF linear trimer. (b)—(d) The inelastic
neutron-scattering intensity vs @ (constant-w scan spectra) of
SrMn;P,0,4 (circles). The line indicates the first term in Eq. (3).

the observed transitions, this consistency indicates that the AF
trimer model can explain the experimental 7(Q).

We comment on intertrimer interactions. The dispersion
relation of magnetic excitations was calculated in spin
dimers with weak interdimer interactions using random phase
approximation.”’” A similar dispersion relation was inferred
in interacting spin tetramers.”® According to the results,
we speculate that the following dispersion relation may be
applicable to spin trimers with weak intertrimer interactions:

Wqint) = VAT + 2 AJ(QR(T). 4

Here A is an energy difference between ground and excited
states, and « is a coefficient derived from transition matrix
elements. The value of « is 2 for the spin-1/2 dimer?® or
5 for the spin-3/2 dimer.?” J(q) is a Fourier transform of
intertrimer interactions. R(T') is the difference in the thermal
populations of ground and excited states. We consider that
the dominant intertrimer interaction is the J, interaction. J(q)
is expressed approximately as 2J, cos(2mk). We assume that
excitation energies are the same at 0 and 5.0 K. The excitation
energy at O K at the bottom of the dispersion wy, where the
INS intensity is the strongest, is expressed as follows:

Wp =/ AZ - 20[AJ2. (5)

We assume that only the J, interaction is the origin of the
difference between the expected excitation energy 2.5J; =
10 K and the experimental excitation energy 0.68 meV =
7.9 K in the transition between GS and 1ES. Using A = 10K
and w, = 7.9 K, we obtained «J, = 1.9 K. If « is large, a J,
value can be small enough in comparison with the J; value.
We observed magnetic excitations that are consistent with
excitations expected in the spin-5/2 AF trimer. Therefore,
the discrete energy levels of the AF trimer are the origins
of the quantum-mechanical nature (magnetization plateau)
in StMn3;P404. In the strict sense, the energy difference
between GS (S =5/2) and 2ES (S = 7/2) generates the
magnetization plateau. The magnetization plateau appears
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FIG. 7. (Color online) Constant-Q scan spectra of StMn3;P4O14
at 0 = 1.0AL,

even in the ordered state.'®!” The property of the cluster (trimer
in this case) can remain in the ordered state. The total spin of
the ground state of the AF trimer is finite (5/2). Therefore,
we consider that the magnetic LRO is stabilized by the J;
and weak three-dimensional intertrimer interactions. Several
cluster substances can maintain their cluster properties in their
ordered states. For example, the 1/2 quantum-mechanical
magnetization plateau is generated by discrete energy levels of
a spin-1/2 tetramer in Cu,CdB,0¢.'>'* The plateau remains
in the ordered state. With the aid of other researchers, some
of the present authors determined the magnetic structure
below the transition temperature of Ty = 2.2(1) K using
neutron-powder-diffraction data.’® The magnetic structure has
a long-range period. We are now considering the origin of the
long-range period. We will report the details of the magnetic
structure in a subsequent presentation.

We comment on the INS intensity in the vicinity of 0 meV.
Figure 7 shows constant- Q scan spectraat Q = 1.0 A~! below
0.5 meV. As was described, the increase of the intensity
around 0.4 meV is caused by the 0.46-meV excitation. The
intensity between 0.1 and 0.2 meV decreases with increasing
T. This temperature dependence cannot be explained by
incoherent scattering or phonons. In addition, we observed
diffuse scattering between 260 = 15 and 40° in neutron-
powder-diffraction patterns (wavelength A = 2.458 A).3° This

PHYSICAL REVIEW B 84, 214402 (2011)

26 range corresponds to Q = 0.7-1.7 A~! in the present INS
experiments. The shape of the diffuse scattering resembles
one-dimensional or two-dimensional Bragg scattering with a
cutoff at low Q and a long tail at large Q. The integrated
intensity of the diffuse scattering shows a maximum in the
vicinity of Ty. Several magnetic reflections appear below Ty
between 20 = 15° and 40°. Therefore, the origin of the diffuse
scattering is magnetic. Consequently, magnetic excitations
exist in the vicinity of 0 meV. The magnetic excitations cannot
be explained by transitions between energy levels in the trimer.
Spin fluctuation in the ground state generates the magnetic
excitations. Therefore, we used the Lorentzian with the 0-meV
peak in fitting the constant-Q scan spectra in Figs. 2 and
3. In future studies, we will perform INS measurements of
StMn3;P40,4 in the ordered state. Anisotropy of the Mn2t
spins is small.'” Therefore, a gap of spin-wave excitations is
small. We may observe spin-wave excitations in the vicinity
of 0 meV in addition to the trimer excitations.

IV. SUMMARY

In order to confirm the spin system, we performed INS
experiments of powders of the spin-5/2 antiferromagnetic
trimer substance StMn3;P,014. We observed plural magnetic
excitations. The peak positions are 0.46, 0.68, and 1.02 meV.
The weak Q dependence of constant-Q scan spectra indicates
that the excitations are transitions between discrete energy
levels. The experimental results are consistent with results
expected in the trimer model with the intratrimer interaction
value of 0.29 meV (3.4 K) without considering the other
interactions.
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