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1 Non-proportionality of magnetic anisotropy and damping
2 in CoFeB/MgO-based systems
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7 We study the relationship between anisotropy K and damping a in MgO/CoFeB/Ta/CoFeB/MgO/
8 cap films using vector network analyzer ferromagnetic resonance. Capping the stack with Ta and
9 changing the thickness of the top MgO layer allow us to create significant variations in anisotropy

10 while keeping the thickness and process conditions of the magnetic layer constant. The change in
11 anisotropy can be attributed to the degradation of the CoFeB/MgO interface due to Ta intermixing
12 with MgO upon deposition. This hypothesis is supported by measurements of similar samples with
13 the bottom MgO thickness varied instead, which exhibit no significant change in anisotropy. This
14 method of varying K allows identifying a regime where a spin reorientation transition occurs while
15 a remains constant, proving the non-proportionality of K and a in perpendicular CoFeB/MgO
16 systems. The effects of changing the capping layer material, notably Ru, are also discussed. VC 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926487]

17 The current understanding of anisotropy K and damping

18 a relates to the spin-orbit interaction (SOI),1,2 which has

19 been taken to suggest a proportional relationship between

20 these two magnetic properties.3,4 This proportionality is a

21 bane for applications such as spin-transfer-torque magnetic

22 random access memory (STT-MRAM), which require highly

23 anisotropic free layers for thermal stability while simultane-

24 ously possessing low damping for low critical current.5 The

25 recent push to utilize materials with perpendicular magnetic

26 anisotropy (PMA) underscores the motivation to study this

27 relationship because certain PMA systems, such as L10

28 FePdPt alloys6 or Co/Pd multilayers,3 have been reported to

29 exhibit some degree of proportionality, despite the latter’s

30 interfacial nature. From an engineering point of view, it is

31 also important to demonstrate if K can be varied independ-

32 ently of a and by which methods. For example, while

33 decreasing Co thickness in Co/Pd multilayers might increase

34 anisotropy, it also leads to increased a due to increased spin

35 pumping contributions7,8—a proportional relationship practi-
36 cally speaking, but not necessarily a fundamental one.

37 In the case of Co(Fe)/MgO systems, which is widely

38 used in STT-MRAM, PMA has been attributed to the hybrid-

39 ization of Co(Fe)-O orbitals at the interface and mediated by

40 SOI.9 Experimental results from Iihama et al.10 indicate that

41 there is no proportionality between K and a in this system.

42 Specifically, in Ta/CoFeB/MgO stacks of the same thickness

43 annealed at different temperatures Ta, they found that

44 anisotropy exhibited a broad maximum at Ta¼ 250–300 �C
45 followed by a decrease at 350 �C, but a was found to be con-

46 stant up to 300 �C with an increase at 350 �C. However,

47 using annealing temperature to vary magnetic properties—

48 with the intent of showing a fundamental relationship

49 between K and a—suffers from complications such as the
50 resulting changes in dramatic Ta diffusion into the magnetic

51layer11,12 and differing degrees of CoFeB crystallization.13

52For instance, quantifying how the former influences the

53extent of alloying and/or spin pumping contribution to a may

54prove difficult. In the ideal scenario, one is able to vary only

55the value of interfacial anisotropy without significantly alter-
56ing the properties of the magnetic volume.
57In this work, we investigate the magnetic properties of

58MgO/CoFeB/Ta/CoFeB/MgO/cap (“double MgO”) films

59annealed at a unique temperature, with the same CoFeB

60composition and with constant magnetic layer thickness.

61Anisotropy is instead varied by changing the quality of the

62CoFeB/MgO interface, by taking advantage of the intermix-

63ing between a Ta cap layer and the top MgO layer. We are

64able to identify a regime where the effective anisotropy con-

65tinuously varies while the saturation magnetization MS tends

66to be constant, the latter indicating that changes in the “bulk”

67CoFeB (i.e., away from the interface) are minimized. In this

68regime, while there is sufficient variation in K to induce a

69spin reorientation transition, a remains constant, providing

70clear evidence that K and a are, fundamentally, not propor-

71tional in the CoFeB/MgO system. Changing the cap layer to

72Ru instead of Ta leads to a different relationship between K
73and a, but nevertheless supports their non-proportionality.
74Several series of double MgO films with stack configu-

75ration: substrate/CoFeB 0.3/MgO tbot/CoFeB 1.2/Ta 0.3/

76CoFeB 1.0/MgO ttop/cap 15 (all thicknesses are nominal and

77in nm) were prepared by UHV magnetron sputtering. The

78capping layer was either Ta or Ru, and the CoFeB composi-

79tion was 40–40-20 at. %. The 0.3 nm thick CoFeB layer is

80for the good growth of the bottom MgO layer. The Ta inter-

81layer is included to induce perpendicular easy axis.14 In the

82“bottom” series, the bottom MgO thickness tbot is varied

83from 1 to 2.5 nm, while the top MgO thickness ttop is kept at

84a constant thickness tconst. The opposite is true for the “top”

85series, i.e., ttop is varied from 1 to 2.5 nm, while tbot¼ tconst.
86The stack structure is shown in Fig. 1(a). We deposited botha)sabinomprg@dsi.a-star.edu.sg
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87 top and bottom series for tconst¼ 1 nm and 3 nm. All samples
88 were annealed post-growth at 300 �C for 1 h in vacuum.
89 Magnetization measurements were performed using
90 alternating gradient magnetometry (AGM). MS values were
91 calculated using the total nominal thickness of CoFeB.15

92 Vector network analyzer ferromagnetic resonance (VNA-
93 FMR) was used to measure the effective anisotropy field
94 HKeff and the damping parameter a of the samples. The mag-
95 netic field is applied perpendicular to the plane of the film
96 for all measurements. More details of the measurement are
97 described in Ref. 14. Only one resonance peak was observed
98 within the range studied. A representative fit of the suscepti-
99 bility data to Eq. (1) in Ref. 14 is shown in Fig. 2(a) for a

100 bottom series sample with tconst¼ 3 nm and tbot¼ 2.5 nm
101 along with frequency-dependent resonance field and line-
102 width data from which HKeff and a were obtained via linear
103 fits. The intrinsic anisotropy energy density

K ¼ l0

2
HKef f MS þM2

S

� �
(1)

104is positive when the easy axis is perpendicular to the film
105plane.
106Elemental profiles were obtained using Gatan Quantum

107965 in the Dual EELS mode at 200 kV with a spatial resolu-
108tion around 0.2 nm.
109We first demonstrate that we can vary the anisotropy in

110a controlled manner by capping the double MgO stack with
111Ta and varying the thickness of the top MgO.
112In VNA-FMR measurements shown in Fig. 1(c) for sam-

113ples with tconst¼ 1 nm, we see a strong dependence of HKeff

114on the top MgO layer thickness, so much that a spin reorien-

115tation transition occurs at ttop� 1.8 nm. On the other hand,

116HKeff is relatively insensitive to tbot, with a value comparable

117to that of a “top” series sample with ttop¼ 1 nm. The same

118trend is seen for tconst¼ 3 nm (not shown), i.e., HKeff increases
119with ttop but is constant versus tbot at HKef f jttop�2:5nm.
120One may argue that the variation in HKeff can be due to

121changes in volume anisotropy, interface anisotropy, or MS.

122The volume contribution to HKeff is, however, not expected

123to vary with tMgO, as the CoFeB layer thickness, its composi-

124tion, and annealing conditions are constant. Moreover, it is

125clear from Fig. 1(b) that for tMgO> 1.3 nm, MS is constant, so

126we can discount the changes due to MS in this thickness re-

127gime and attribute the changes in HKeff mostly to changes in
128the interfacial contribution.
129We now discuss how we are able to vary the anisotropy

130of the double MgO samples. First, we clarify that such a

131huge change in anisotropy is not brought about by the MgO

132thickness per se. Indeed, if it was, the bottom series should

133have shown significant variation in HKeff as well. Although

134there is an ultrathin layer of CoFeB between the bottom Ta

135and bottom MgO, CoFeB is not an effective barrier against

136Ta diffusion and at this thickness, would not have prevented

137Ta from reaching the MgO layer. Instead, we hypothesize

138that Ta intermixes with MgO upon deposition, degrading the

139top CoFeB/MgO interface. We take advantage of this to vary
140anisotropy over a large range.
141The small thicknesses of the layers involved present

142difficulties in providing quantitative physical evidence of

143this Ta-MgO intermixing hypothesis. Here, we attempt to

144qualitatively investigate the profile of Ta and Mg(O) using

145EELS for different top MgO thicknesses, as shown in

146Fig. 3. (Recall that Ta in the middle of the stack is

147expected as Ta also exists as an interlayer.) In the case of

148thin top MgO (Fig. 3(a)), Ta overlaps with the whole top

149MgO layer. On the other hand, the decay of Ta is better

150seen as the thickness of the top MgO layer increases

151(Figs. 3(b) and 3(c)). These results support the picture of

152Ta being intermixed with the top MgO and degrading the

153CoFeB/MgO interface quality in greater degree as the
154MgO thickness decreases.
155In presenting the relationship between anisotropy and

156damping, we focus on the top series (tconst¼ 1 nm), which

157displays the greatest change in anisotropy. Two regions can

158be identified: tMgO< 1.3 nm (thin MgO) and tMgO> 1.3 nm

159(thick MgO). These regimes are indicated by the gray and
160non-gray areas in Fig. 4, respectively.

FIG. 1. (a) Stack structure of the “top” and “bottom” series double MgO

samples. (b) Saturation magnetization MS versus MgO thickness obtained

from AGM measurements. (c) Effective anisotropy HKeff and (d) damping a
obtained from perpendicular field-swept VNA-FMR measurements of sam-

ples with different MgO thicknesses.

FIG. 2. (a) Real and (b) imaginary parts of the S21 parameter obtained from

perpendicular field-swept VNA-FMR measurements of a tconst¼ 3 nm sam-

ple with tbot¼ 2.5 nm at 15 GHz. The lines are fits to an expression using Eq.

(1) in Ref. 14, taking non-magnetic contributions to S21 and a linear drift

into account. (c) Field-swept linewidth and resonance fields for the same

sample as a function of frequency. The linear fits described in Ref. 14 are

used to extract HKeff and a.
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161 • For tMgO< 1.3 nm, MgO neither have the required crystal-

162 linity nor is thick enough to become an effective barrier to

163 the Ta cap. Therefore, this thin MgO layer (intermixed

164 with Ta) is not effective against spin pumping. As a result,

165 PMA is low, a is high, and both properties show improve-

166 ment as MgO thickness is increased. In this regime, the

167 state of the magnetic layer may have also been signifi-

168 cantly altered, i.e., CoFeB itself is intermixed with addi-

169 tional Ta from the cap, resulting in CoFeBTa alloys with

170 lower MS as indicated in Fig. 1(b). Including the data for

171 this regime in relating anisotropy and damping is thus

172 inappropriate.

173 • For tMgO> 1.3 nm, MgO is thick enough to suppress spin

174 pumping and also prevents Ta from reaching the magnetic

175 layer. Increasing the MgO layer thickness improves crys-

176 tallinity and creates a larger distance between the CoFeB/

177 MgO interface and Ta (which is still intermixed into the

178 topmost layers of MgO). Therefore, a is constant while the

179PMA continues to improve. Thus, in this regime, there is
180clear evidence that K and a are not proportional in CoFeB/
181MgO systems. We surmise that a certain thickness of good
182quality, crystalline MgO is required for PMA, but the
183requirement for the suppression of spin pumping by MgO
184is less stringent, i.e., does not depend so much on crystal-
185linity. In any case, we can conclude that a is not as sensi-
186tive to the interface as anisotropy is.

187One may also argue that even though a is constant for
188ttop> 1.3 nm, spin pumping may not be truly suppressed and
189other mechanisms such as crystallization may have come
190into play thus reducing a despite the presence of spin pump-
191ing. Proving that degrees of crystallization are similar versus
192MgO thickness is difficult by means of structural analysis
193due to the small thicknesses of the samples. However, meas-
194urements of a in Ta-capped MgO 3/CoFeB tCoFeB/MgO
1951.5/Ta 15 samples with varying effective CoFeB thickness
196tCoFeB show no dependence on tCoFeB, a hallmark of the sup-
197pression of spin pumping even at a top MgO thickness of
1981.5 nm (Fig. 4, inset).
199Being able to vary anisotropy independently of damping
200is good news for STT-MRAM applications, because it means
201that as long as MgO suppresses spin-pumping, engineering
202the interface quality of CoFeB/MgO can enable higher PMA
203without increasing damping. To control anisotropy, one
204can choose the appropriate MgO thicknesses, capping
205layer materials, or capping layer deposition conditions. In
206Fig. 5(a), we show the effect of using different capping
207layer materials (cap¼Ru, Pd, Pt, Ta) on the anisotropy of
208Ta 5/CoFeB 1.1/MgO 1/cap 5 unit structures with thin MgO.
209For Ta-capped samples, an additional layer of Pd (5 nm) is
210deposited to prevent oxidation. Notice that only Ta-capped
211samples resulted in the degradation of PMA.
212Indeed, replacing the Ta cap with Ru in the top series
213samples (Fig. 5(b)), we see that HKeff is always positive and
214comparable to Ta-capped samples with thick MgO. This
215indicates that Ru does not intermix with MgO as readily as
216Ta does, so the top CoFeB/MgO interface is not compro-
217mised. Moreover, a remains at a low value independent of

FIG. 3. EELS scans along the growth direction for double MgO, bottom se-

ries samples with tconst¼ 3 nm and ttop¼ (a) 1.0 nm, (b) 1.2 nm, and (c)

2.2 nm. The profiles are aligned using the bottom MgO layer. The interface

between top MgO and CoFeB is highlighted by the crosshatch.

FIG. 4. a versus K for top series samples. Note the saturation of a for high

K. K accounts for the total perpendicular anisotropy with the demagnetiza-

tion term subtracted. Inset shows a vs. 1/tCoFeB for MgO 3/CoFeB tCoFeB/

MgO 1.5/Ta 15 samples obtained via VNA-FMR.

FIG. 5. (a) HKeff of Ta 5/CoFeB 1.1/MgO 1/cap 5 samples with different

overlayer materials obtained via AGM. HKeff is calculated from the area dif-

ference between the normalized in-plane and out-of-plane AGM loops. The

dotted line marks the separation between out-of-plane (positive) and

in-plane (negative) effective anisotropy. (b) HKeff (black filled triangles) and

a (blue open triangles) versus top MgO thickness tMgO obtained from VNA-

FMR measurements of top series samples with tconst¼ 3 nm and Ru cap.

Lines are just guide to the eye.
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218 MgO thickness, consistent with the effective suppression of
219 spin pumping even by thin MgO.
220 One may notice that, for the Ru-capped top MgO series, a
221 slight decrease in anisotropy can be seen when ttop is
222 increased. In literature, anisotropy was also found to decrease
223 with MgO thickness in Ta/CoFeB/MgO structures capped
224 with Ta.16 The discrepancy between Ref. 16 and the Ta-
225 capped samples in this work may arise from the different dep-
226 osition conditions of Ta. Although the mechanism behind the
227 change in PMA still needs clarification, dependence on MgO
228 thickness is not expected from first principles17 and is not seen
229 in MgO/CoFeB/Ta structures18 for 0.5 nm< tMgO< 1.75 nm.
230 The details of interfacial oxidation, strain, or other growth-
231 related mechanisms influenced by the deposition order and
232 capping layer need to be investigated further. Nevertheless,
233 the decrease in anisotropy without changing damping
234 observed in Ru-capped samples further supports the notion
235 that anisotropy and damping can be varied independently. We
236 discuss how the variation of K without affecting a is possible
237 in separate work.
238 Finally, resistance-area product (RA) measurements
239 using a CAPRES CIPT system reveal that Ta-capped sam-
240 ples are less resistive than their Ru-capped counterparts,
241 even when the MgO thickness is nominally the same (not
242 shown). Apart from confirming that Ta intermixes with
243 MgO, this also means that the value of RA can be controlled
244 by carefully choosing the thicknesses of the MgO and
245 capping layer.
246 We have provided clear evidence of the non-
247 proportionality between K and a via VNA-FMR measure-
248 ments of double MgO samples capped with Ta. K was varied
249 by changing the interface quality of CoFeB/MgO, which was
250 shown to be sensitive to the intermixing of the Ta cap with

251the top MgO layer upon deposition. Additional results from

252Ru-capped samples also support the hypothesis that it is pos-

253sible to increase K while keeping at a low constant value—a

254characteristic that is desirable for STT-MRAM applications.
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