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Direct observation of the energy gap generating the 1/3 magnetization plateau in the spin-1/2
trimer chain compound Cu;(P,04,0D), by inelastic neutron scattering measurements
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We studied magnetism of Cuz(P,O40D), using inelastic neutron scattering measurements on a powder
sample. This cuprate has spin-1/2 trimer chains with J;-J,-J, interactions, where J; and J, denote two
antiferromagnetic (AF) exchange interaction parameters, showing a 1/3 magnetization plateau. We observed
an energy gap of 9.8 meV (114 K), which generated the magnetization plateau. The gap corresponds to
singlet-triplet-like excitation of an AF dimer formed by the dominant J; interaction. We determined the AF
exchange interaction parameters J;=111 K and J,=30 K, which can reproduce the gap value as well as the

magnetization.
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I. INTRODUCTION

The magnetization plateau is a notable phenomenon in
quantum spin systems. It has been studied extensively during
the past decade.'~* The origin of the magnetization plateau is
an energy gap in the magnetic excitation spectrum. For that
reason, in order to understand the physics of the magnetiza-
tion plateau, it is necessary to investigate the gap using other
methods. A zero-magnetization plateau appears in spin sys-
tems possessing a spin-singlet ground state and a gap be-
tween the ground and excited states. Examples are Haldane
substances,> the spin-Peierls cuprate CuGeOs,’ and the
orthogonal-dimer compound SrCu,(BO;),.® Existence of the
gap can be proven explicitly by the exponential decay of
magnetic susceptibility on cooling without theoretical
support.8~19 On the contrary, we cannot confirm the existence
of a gap, which generates a finite-magnetization plateau,
from the temperature dependence of any physical quantity
without the aid of theoretical calculations.'!~!3

The value of a gap can be evaluated directly using inelas-
tic neutron scattering (INS), electron spin resonance (ESR),
and Raman scattering measurements. When a gap value is
large, these measurements are valid, while a gap value may
not be obtained using magnetization measurements. For ex-
ample, when a g factor is 2.1, 100 T corresponds to
12.2 meV, 2940 GHz, and 98.4 cm™!, which are not so dif-
ficult to attain in the above-mentioned experiments. Among
the measurements, it is generally recognized that the INS
measurement on single crystals is a powerful tool to study
excitations because we can obtain information on scattering
vector Q and energy transfer w dependences. In some cases,
the INS measurement on powder samples is also important.
For example, we can observe a singlet-triplet gap excitation
even in powder samples. In addition, only the INS measure-
ment can directly determine magnetic bonds possessing
strong exchange interactions because we can evaluate bond
lengths from Q dependence of a scattering intensity.

The INS and ESR measurements have already been used
for spin systems showing a finite magnetization plateau. In
single crystals of NH,CuCl; having three different spin-1/2
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antiferromagnetic (AF) dimers, two gap excitations corre-
sponding to 1/4 and 3/4 magnetization plateaus were ob-
served at 1.6 and 3.0 meV in INS (Ref. 14) and ESR (Ref.
15) measurements. In a single crystal of Cu;(OH),(COs3),
having a spin-1/2 diamond chain, a gap excitation corre-
sponding to a 1/3 magnetization plateau was observed at
4.4 meV (1057 GHz) in ESR measurements.'® In principle, a
transition between two states with different values of total
spin is forbidden in ESR. Observation of the gap excitations,
however, is possible because of the antisymmetric
Dzyaloshinskii-Moriya interaction. We can say that the direct
observations of the gap causing the finite-magnetization pla-
teau are few. Accordingly, experimental investigations are
insufficient for understanding the finite-magnetization pla-
teau. It is important to perform further experiments.
Recently, some of the authors of this report found a 1/3
magnetization plateau in Cu;(P,040H),.!” The space group

of Cu;(P,OcOH), is P1 (No. 2); its lattice constants are a
=4.78191(6) A, 5»=7.03699(8) A, ¢=835740(8) A, «a
=66.6790(6)°, B=76.9930(7)°, y=72.0642(6)°, and Z=1
(1 formula per unit cell).'® As shown in Fig. 1, two kinds of
Cu”*-ion sites (Cul and Cu2) exist and form a spin-1/2 tri-
mer chain nearly parallel to the ¢ direction with J;-J,-J,
interactions, where J; and J, indicate two kinds of AF
exchange interaction parameters. Values of J; and J,
were evaluated as 95 and 28 K, respectively, from
magnetizations.!” The J, interaction is dominant. Therefore,
two spins on Cu?2 sites connected by the J; interaction form
a partial state that resembles a spin-singlet pair (singletlike
pair indicated by the ellipse in Fig. 1). It is expected that the
main origin of the gap, which causes the 1/3 magnetization
plateau, is the singlet-triplet excitation of the AF dimer
formed by the dominant J, interaction. The value of the gap
was calculated as 92 K (8.1 meV). An effective interaction
exists between two spins on Cul sites through the AF dimer
of the Cu2 spins formed by the J; interaction. The system
consisting of the Cul spins behaves as an effective AF uni-
form chain. The value of the effective interaction was esti-
mated roughly as Jeff~J§/J1=8.0 K. The moment of the
Cu2 spins is very small in the plateau region and in smaller
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FIG. 1. (Color online) Spin state of Cusz(P,OcOH), in a zero
magnetic field derived from the results of magnetization. Blue, red,
and white circles respectively indicate Cul sites, Cu2 sites, and O
sites connecting to Cu. Black bars represent Cu-O bonds. Red
(blue) bars represent the first shortest (second shortest) Cu-Cu
bonds in which the J; (J,) exchange interactions exist. The interac-
tion parameters are defined in the Hamiltonian H=2X.J,5;S;,
+J581418i40+J28140843- The J; and J, interactions form the spin-
1/2 trimer (J;-J>-J,) chain. The red ellipse denotes a singletlike
pair. Spins (black arrows) on the Cul sites are coupled to one an-
other by J interaction. In the previous study (Ref. 17), the values
of Jy, J,, and J.; were evaluated respectively as 95, 28, and 8.0 K.
In the present study, we reevaluate the values of Jy, J,, and Jo,
respectively, as 111, 30, and 8.1 K.

magnetic fields because of the large gap, while the moment
of the Cul spins is almost saturated in the plateau region
because of the small value of J ;. Accordingly, the 1/3 mag-
netization plateau can appear.

We have chosen INS measurements to study the gap in a
deuterated Cus(P,04,0D), powder sample. The main origin
of the gap is expected to be the AF dimer. Therefore, the gap
excitation is probably visible even in powder samples, as in
INS measurements of a CaCuGe,0, powder sample.!® We
can evaluate the distance between two spins responsible for
the gap from scattering vector Q dependence of scattering
intensities if dispersion of the excitation is small. Such an
evaluation is impossible using other methods. Consequently,
we can verify whether the spin system proposed for
Cu;(P,040H), is correct or not.

II. METHODS OF EXPERIMENTS AND CALCULATION

We synthesized crystalline powder of Cu;(P,04,0D),
from a mixture of CuO and D;P0O,-D,0.!® The mixture ra-
tios of the two substances are, respectively, 0.5 g: 20 mL for
CuO and D;PO,4-D,0. The mixture was stirred continuously
and heated until CuO was dissolved completely. Then the
mixture was kept in a furnace in air at 463 K for 48 h. The
Cu;(P,040D), appeared as a light blue powder. We used
x-ray diffraction measurements to confirm the formation of
Cu;(P,040D), and the absence of other materials. We mea-
sured magnetizations using a superconducting quantum inter-
ference device magnetometer (MPMS-5S, Quantum Design).
High-field magnetizations up to 30 T were measured using
an extraction-type magnetometer in a hybrid magnet at the
High Magnetic Field Center, NIMS. The magnetization of
Cu;(P,040D), is identical to that of Cus(P,O4OH), within
experimental accuracy.

Inelastic neutron scattering measurements were carried
out on the thermal neutron three-axis spectrometer TAS-2
installed at JRR-3 at the Japan Atomic Energy Agency. The
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final neutron energy was fixed at 13.7 meV. Higher-order
beam contamination was effectively eliminated using a py-
rolytic graphite filter after the sample. The horizontal colli-
mator sequence was guide-80'-sample-80"-open. This setup
yields an energy resolution of 1.76 meV (full width at half
maximum) at an energy transfer w=0 meV, as determined
from measuring the incoherent scattering from the sample.
The powder sample of about 9 g was mounted in a *He
closed cycle refrigerator.

We calculated the susceptibility and magnetization of tri-
mer chains by quantum Monte Carlo (QMC) techniques us-
ing the loop algorithm®® and using the directed-loop algo-
rithm in the path-integral formulation,?! respectively. The
numbers of Cu sites in the QMC simulations are respectively
200 and 120 for the temperature dependence of the suscep-
tibility and magnetic-field dependence of magnetization. We
performed more than 10° updates. Finite-size effects and sta-
tistical errors are negligible for the scale of figures repre-
sented in this paper.

III. RESULTS AND DISCUSSION

The open circles in Fig. 2(a) show constant-Q scan spec-
tra taken at a temperature of 7=5.1 K and several scattering
vectors (Q’s). In each spectrum, a well-defined symmetric
inelastic peak is observed at @=9.8 meV. No other features
are apparent for energy transfers up to 18 meV. The peak
position is practically independent of Q, but the intensity of
the excitation decreases with increasing Q. The solid lines
are Gaussian curves plus backgrounds as follows, and well
reproduce the experimental spectra for ®=3 meV:

I(w) = Iy exp[— (0 — wy)/Aw?’] + Izg(w). (1)

Here 1), w), Aw, and Iz5(w) respectively denote a scaling
factor, peak energy, width of the Gaussian, and the back-
ground intensity. We assume that Izg(w)=Aw+B, where A
and B are constants in each spectrum. The full width at half
maximum (FWHM) is evaluated as 2.1-2.6 meV in these
spectra. The dotted lines indicate the energy resolution pro-
file plus the background calculated for 9.8 meV. The FWHM
of the experimental resolution is 2.0 meV. Therefore, the ob-
served widths in Cu;(P,040D), are slightly larger than the
experimental resolution.

The open circles in Fig. 2(b) represent constant-Q scan
spectra measured at Q=13 A~! and several temperatures.
Upon heating, the scattering intensities of the excitation are
reduced, but the peak position is almost independent of the
temperature. Only a slight broadening is apparent at higher
temperatures. For example, the FWHMs are respectively 2.5
and 3.1 meV at 5.1 and 286 K. Similar broadening is appar-
ent in CaCuGe,0Oq4, of which the spin system consists of
weakly interacting AF dimers.!” Considering the results de-
scribed above, we can conclude that the 9.8 meV peak indi-
cates magnetic excitation with small dispersion.

The red open circles in Fig. 3 show constant-w scan spec-
tra taken at 9.75 meV and 5.1 K. As Q increases, the inten-
sity increases slightly up to 1.3 A~!, then decreases rapidly
up to 2.5 A~!; it levels off at higher Q. We also show the
intensities measured at 4 meV (green closed circles) and
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FIG. 2. (Color online) (a) Constant-Q scan
spectra indicated by circles at 5.1 K and at (b)
0=1.3 A~ The solid lines show fitted Gaussian
curves plus backgrounds. The dotted lines repre-
sent the experimental resolution function. The
spectra have been shifted vertically at intervals of
150.

w(meV)

6 meV (blue open circles). The intensities are nearly inde-
pendent of Q. The average is about 59 and is used as the
background intensity for the 9.75 meV data because of the
following reason. As shown in Fig. 2, no excitation is seen at
4 and 6 meV. Thus, the intensities at 4 and 6 meV can be
regarded as background intensities. In addition, by taking the
intensities at @=13 meV into account, the background in-
tensities seem to depend weakly on w. Consequently, we
used the intensities at 4 and 6 meV as the background inten-
sities for the 9.75 meV excitation. The red circles in Fig. 4
represent the temperature dependence of the energy-
integrated intensity of the 9.8 meV peak. The integrated in-
tensity is defined as a scaled value of /)Aw. On heating, the
integrated intensity decreases slowly at low 7 and rapidly
above 40 K, and levels off at higher 7.
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FIG. 3. (Color online) Constant-w scan spectra at 5.1 K for
9.75 meV (red open circles), 6 meV (blue open circles), and 4 meV
(green closed circles). The solid line indicates the calculated Q
dependence of the isolated AF dimer model.
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We compare the experimental results in Figs. 3 and 4 with
the isolated AF dimer model. The Q dependence of the scat-
tering intensity for unpolarized neutrons is expressed as*?

In(Q) = Inof(Q)[1 - sin(dpQ)/(dpQ) ] + Ipg.  (2)

In that equation, Iy, f(Q), dp, and Iy respectively represent
a scaling factor, an atomic magnetic form factor,?? an in-
tradimer spin separation, and the background intensity. The
solid line in Fig. 3 represents a fit with Eq. (2) using dp
=3.06 A, and reproduces roughly overall features of the ex-
perimental result. The value 3.06 A is the distance between
two spins on Cu2 sites coupled by the J; interaction. There-
fore, the result in Fig. 3 is consistent with the idea that the
two Cu2 spins coupled by the J; interaction form the AF
dimer. The T dependence of the integrated intensity in Fig. 4
is proportional to I'p(7), which is given as

In(T) = 1/[1 + 3 exp(-= A/T)], (3)

where A is an energy gap between a singlet ground state and
triplet excited states. The value of A can be regarded as
114 K (9.8 meV) in Cus(P,0c0D),. The solid line in Fig. 4
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FIG. 4. (Color online) Temperature dependence of the integrated
intensity of the 9.8 meV peak (circles). The solid line shows the
calculated T dependence of the isolated AF dimer model.
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indicates the calculated curve and is consistent with the ex-
perimental result.

The gap value obtained using the present INS measure-
ments (9.8 meV) is slightly larger than that obtained using
the previous calculation of magnetization (8.1 meV). Note
that we did not obtain the gap value of 8.1 meV from the
experimental results. Therefore, discrepancy between the gap
values resulted from inaccurate values of J; and J,. For that
reason, we have reevaluated J; and J, to reproduce not only
the temperature dependence of the susceptibility and
magnetic-field dependence of the magnetization but also the
gap value determined by the INS measurements in the fol-
lowing procedure. We calculated magnetizations for several
values of j=J,/J, at the low temperature of r=T7/J,=0.02.
In each calculated magnetization, a value of J; was deter-
mined in order to reproduce the gap value. Among the cal-
culated magnetizations, we chose the calculated magnetiza-
tion that was able to reproduce the experimental one best. We
obtained J;=111 K and j=0.27 (J,=30 K). Then, we com-
pared the calculated susceptibility of these values [the green
curve with A in Fig. 5(a)] with the experimental one [the red
curve with O in Fig. 5(a)]. The two curves are not mutually
contradictory, although a small discrepancy is apparent at
high 7. Finally, we calculated magnetization with J,
=111 K and j=0.27 at t=1.6/111=0.0144 [the green curve
with A in Fig. 5(b)], which was consistent with the experi-
mental one [the red curve with O in Fig. 5(b)] except for a
slight discrepancy around 10 T.

As a result, as was expected, we observed the gap that
generated the 1/3 magnetization plateau. Because of the con-
sistency between the experimental results and expected re-
sults in the AF dimer model, the main origin of the 9.8 meV
magnetic excitation is the singlet-triplet gap of the AF dimer
formed by the J; interaction. The J, interaction, however,
undoubtedly exists.!” Other interactions such as the J, inter-
action cause a small dispersion of the dimer excitation and
slightly broaden the peak width. We briefly comment on
magnetic excitation of spins on the Cul sites. As described,
the Cul spins are regarded to form the AF uniform chain
with the interaction of J g5~ J%/ J;. Consequently, most of the
magnetic excitations of the Cul spins must appear around
w=0. In addition, because the value of J. is small (8.0 K
=0.69 meV), we were unable to detect the magnetic excita-
tions of the Cul spins in the setup of the present experiment.

IV. CONCLUSION

We performed inelastic neutron scattering measurements
on a powder sample of Cus(P,0c0D), whose spin system is
the spin-1/2 trimer chain with J,-J,-J, interactions, where J,
and J, indicate two kinds of AF exchange interaction param-
eters. A well-defined symmetric inelastic peak was observed
at @=9.8 meV in constant-Q scan spectra. The peak position
is nearly independent of Q and temperature. The peak is
slightly wider than the experimental resolution. The Q de-
pendence of the peak intensity and the temperature depen-
dence of the integrated intensity are consistent with the cal-
culated values in the AF dimer model. We confirmed that the
energy gap, which generates the 1/3 magnetization plateau,
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FIG. 5. (Color online) (a) The temperature dependence of mag-
netic susceptibility y in 0.1 T and magnetic-field dependence of
magnetization M at 1.6 K. Red, blue, and green curves with O, [,
and A, respectively, are experimental results of Cuz(P,O40OH),, the
previous QMC results for the spin-1/2 trimer chains with J;=95
and J,=28 K, and the new QMC results with J;=111 and J,
=30 K. The inset in (a) shows the same results up to 300 K. The red
and blue curves overlap with each other in (a); the blue and green
curves below 70 T overlap with each other in (b). It is difficult to
distinguish the overlapped curves. Therefore, in order to indicate
existence of plural curves, we draw the symbols (O, [J, and A)
representing some points of the experimental and QMC results. The
arrow in (b) indicates the gap value. The g factor was determined as
2.12 from ESR measurement at room temperature.

exists at 9.8 meV (114 K), and that the main origin of the
gap is the singlet-triplet excitation of the AF dimer formed
by the dominant J; interaction. Other interactions such as the
J, interaction, however, cannot be ignored completely. The
interactions cause a small dispersion of the dimer excitation
and slightly broaden the peak width. We obtained the AF
exchange interaction parameters J;=111 K and J,=30 K
which reproduced the gap value as well as the magnetization.
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